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ABSTRACT

A study was made of the ignition of ammonium perchlorate-based

propellants by convective heat fluxes of 20 to 160 cal/(cm)2 (sec) in

a shock-tube apparatus. The results of this research showed that

ammonium-perchlorate propellants ignite by a thermal process in

which the slow step in the sequence of events which lead to steady

deflagration of the propellant is raising the surface to its ignition

temperature. The results also suggest that the key chemical process

in ignition is the thermal decomposition of ammonium perchlorate;

reactions involving fuel ingredients become important immediately

following that reaction.

For ignition studies described in this thesis, the driven section

of the shock tube was modified to accommodate a test section. The

propellant sample was mounted in the wall of the constant-area flow

channel in the test section where it was subjected to forced-convection

heating as shock-heated gases were passed through the channel.

The test variables in this study were:

1. Heat Flux. The heat flux at the propellant surface was

varied by altering either the initial shock tube conditions

or the gas velocity through the constant-area flow channel

of the test section.
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2. Gas Velocity. The velocity of the test gas through the flow

channel was varied over the range of 50 to 800 m/(sec),

corresponding to Mach numbers of 0.07 to 1.0, respectively.

3. Gas Temperature. The temperature of the test gas was varied

over the range of 1000 to 26000 K.

4. Test Pressure. Propellant ignition was studied at pressures

in the range of 14 to 25 atmospheres.

Propellant compositions were varied for determining the effect

of propellant ingredients on ignition characteristics. Some of the

compositional factors studied were:

1. Percentage of Ammonium Perchlorate in the Propellant,

2 Particle Size of the Ammonium Perchlorate.

3. Catalysts. Materials which were known to modify the ballistic

properties of propellats or to catalyze the decomposition

of amonium perchlorate were added to propellant compositions.

4. Fuels. Most of the propellants studied contained a binder-

fuel of polybutadiene-acrylic acid copolymer with an epoxy

curing agent, in others the rubbery binder-fuel was replaced

with carbon black or paraformaldehyde.

It was concluded from the experimental results of this study that

ammonium-perchlorate propellants ignite by a simple thermal ignition

process. The time for ignition to occur in convective heating

experiments, provided the propellant has a smooth surface or gas

velocity across the surface is high, is a function only of the initial,

uniform propellant temperature, externally applied surface heat flux,

the thermophysical properties of the propellant, and the kinetics of
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the key ignition reaction as predicted by thermal ignition theory. Data

obtained at high-convective heat fluxes for the conditions described

above or at low-radiant heat fluxes cuuld be correlated by a simple

ignition time-heat flux relationship as suggasted by thermal ignition

theory.

Propellant samples with surface irregularities were found to ignite

in shorter times at low gas velocities than samples with smooth sur-

faces for equivalent heat fluxes at the propellant surface. It is

postulated, as suggested by the experimental data on ignition, that

the improved ignitability of propellants with rough surfaces is pro-

duced by supplementary, secondary ignition reactions among propellant

decomposition prcducts that are generated at the surface by two-dimensional

heating of surface irregularities. The net effect of these secondary

reactions on the ignition process is to augment the externally applied

heat flux at the propellant surface to bring the propellant surface

more quickly to its ignition temperature. At high gas velocities,

greater than about 400 m/(sec), or for propellant samples with smooth

surfaces, these secondary reaction processes are not important.
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CHAPTER I

INTRODUCTION

In early research and development work on solid propellant rockets,

so many problems faced the scientists and engineers that no great

effort was directed toward understanding the ignition process; trial-

and-error methods were employed to develop suitable ignition systems.

With the arrival of the space age larger and more reliable rockets

were required; the trial-and-error approach to igniter development

could no longer be justified, and increased emphasis was placed on

fundamental ignition research. As a result, in recent years several

theories have been proposed to explain the behavior of solid propel-

lants during the ignition process. Even though these ignition theories

have undergone rather thorough development, reliable experimental data

were not available to evaluate them critically.

The state-of-the-art of ignition of solid propellant rockets has

advanced to keep pace with new propulsion systems through igniter

development programs.o Obviously, an igniter development program that

requires testing of large rockets to determine ignition requirements

necessitates a large expenditure for facilities and manpower. This

becomes increasingly important as the size and .complexity of propulsion

systems grow. Also, with the development of new rocket propellants, a

concurrent igniter development program is required. As more knowledge

is obtained on the response of propellants to externally applied energy
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and the nature of chemical reactions which control the ignition process,

it will be possible to predict with greater confidence the igniter

requirements for new propellants and rockets. Until we can predict

the effect of new propellant ingredients on the ignition character-

istics of a propellant, laboratory tests will still be required to

support the igniter development engineer.

A complete study of rocket ignition should include a separate

investigation of (1) the response bf a propellant to externally applied

energy and (2) the nature of the energy release from a rocket igniter0

This information must then be coupled with other considerations, such

as flame spread over the .surface of the propellant grain and the rate

of chLmber pressurization for use in designing rocket igniter systems.

The final proof of such an inVestigation would be the test firing of

a rocket. Such a comprehensive study is outside of the sccpe of this

study., but is required for those concerned with solid propellant rocket

develcpment.

The research described here was undertaken to further study

ignition of conposite solid propellants in an effort to learn more

about the ignition process, ard to provide experimental data for evalu-

ating existing ignition theories. To achieve these goals a rather

comprehensive study was made of 'the ignition characteristics of ammonium

perchlorate solid propellants under convective heating.

The Department of Chemical Engineering at the University of Utah

has been engaged in the study of solid propellant ignition and combustion

for the past seven years. One part of this research program has been

concerned with the ignition of compos.ite solid propellants induced by



convective heating of the propellant surface. The primary objectives

of the research described in this thesis were:

1. To study the ignition of composite solid propellants, con-

taining ammonium perchlorate as the oxidant, by convective

heating from hot gases in order to develop a clearer under-

standing of the ignition process.

2o To obtain experimental data on propellant ignition that

would be useful to the engineer for designing ignition

systems for solid propellant rockets.

3. To devise an ignition model that explains both the results

of this work and the observations of other investigators.

4. To design and carry out ignition experiments which would

provide information on the chemical reactions significant

in the ignition process.

5. To study heat transfer in the test section used for ignition

studies in order to provide a means of accurately calculating

the externally applied heat flux to the propellant surface

during ignition tests.

6. To study the effect on ignition of environmental factors

such as (1) type of convective gas, (2) velocity of convective

gas across the propellant surface, and (3) the magnitude of

externally applied heat flux.

7. To study the roles of propellant ingredients in propellant

ignition.

The research described here was sponsored by the United States

Air Force Office of Scientific Research of the Air Research and Development
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Command under Contract AF 49(638)-170, and Air Force Grants AF AFOSR 62-99,

AF AFOSR 4o-63, and AF AFOSR 40-64. Earlier work under Contract AF 49(638)-

170 on solid propellant ignition is presented in the doctoral disser-

tations of A. Do Baer [6] and C. C. McCune [671, and a Department of

Chemical Engineering Technical Report [80].

This study is primarily concerned with that aspect of rocket

ignition that includes the response of the propellant to externally

applied energy and the chemical processes which lead to steady combustion

of the propellant. The ignition of composite solid propellants by con-

vective heating is of more than academic importance., for many solid

rockets utilize hot gases for ignition. Many rocket igniters also

transfer energy by other modes of heat transfer, such as (1) by radiation

from incandescent particles and hot gases and (2) by conduction from

hot particles striking the propellant surface. Frequently, however,

the primary process of heat transfer is by forced convection from

hot, fast-moving gases. A specific example is the gas-generator-type

igniter. Regardless of the type of igniter employed, the rate of

energy transfer to the propellant surface is rapid, and complete ignition

is achieved in 5 to 200 milliseconds. The rate of energy transfer to

the propellant surface from such devices ranges from a low of perhaps

10 cal./(cm)2 (sec) to a high of about 300 cal/(cm)2 (sec).

, The shock tube is a useful tool for ignition research by convec-

tive heating, providing in microseconds a supply of very hot gas that

can be employed in readily controlled convective heating0  In this work

the hot gases generated in the shock tube were exhausted from the driven

end of the tube through a constant area channel with the propellant



sample mounted in the wall. This test method provided convective heat

fluxes of 20 to 160 cal/(cm) 2(sec) at the propellant surface.

The following discussion is a brief outline of the method of

attack used in this study. The first phase of this study consisted of

a thorough analysis of heat transfer in the constant area channel of

the test section. Heat transfer at the test position was measured

with a fast-response heat flux gauge (a thin-film, resistance ther-

mometer on the surface of a glass or ceramic substrate) Three

different substrate materials--Pyrex, Pyroceram, and alumina--with

greatly different thermophysical properties were used so that the

effect of thermal responsivity on the transient heat transfer process

could be determined. Results from heat flux gauge measurements could

be directly applied to calculating heat transfer to the propellant

surface.

The second phase of this study included preparation of propellant

samples and their subsequent testing in the shock-tube apparatus. All

of the propellants studied contained ammonium perchiorate as the oxidant.

Most of the propellants tested were castable propellants having a

binder-fuel of polybutadiene-acrylic acid copolymer cured wiLh an

epoxy curing agent (Epon 828). Propellant formulations were varied

to allow evaluation of the effect of ingredients on ignition charac-

teristics and their role in the ignition process. Some of the

compositional variables studied were. (1) ammonium perchlorate

particle size, (2) concentration of ammonium perchlorate in propellants,

(3) type of fuel--pressed propellants were made containing carbon black

and paraformaldehyde as the fuels in place of the polymer, and
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(i) different additives for promoting burning rate and decomposition

of ammonium perchlorate.

In the final phase of this work, the experimental results were

analyzed in terms of thermal ignition theory. It was found that this

was the only ignition theory of the several considered that could ade-

quately explain all of the experimental results. Numerical analysis

of the governing partial differential equation which defines this

model shows that results of ignition experiments, for propellants

which undergo thermal ignition, can be represented by a straight line

on a plot of externally applied heat flux versus the square root of

ignition time on logarithmic coordinate paper. Furthermore, the slope

of the straight line that best represents the experimental data is

related to the activation energy of the key ignition reaction.



CHAPTER II

IGNITION THEORY

The ignition of a solid propellant is achieved through a combi-

nation of chemical and thermal processes which raise the propellant

surface temperature and establish an environment which can support

combustion reactions. These combustion reactions then become dominant,

providing energy feedback to the propellant surface to sustain steady

deflagration. A comprehensive theory of propellant ignition must

consider the energy contributions to the ignition process both from

the external environment and from exothermic chemical reactions at or

near the propellant surface.

Because of the complexity of the constituents of a solid propellant,

many combustion and ignition reactions are possible. Consider for

example, a simple ammonium perchlorate composite propellant composed

of a mixture of oxidizer crystals, a rubbery binder-fuel, and a burning

rate modifier. A few of the general types of chemical reactions that

one might expect to be important during the ignition of a composite

propellant in a neutral environment are:

1. Vaporization of the main propellant ingredients followed by

exothermic reactions among these species in the gas phase.

2. Exothermic decomposition of ammonium perchlorate followed

by gas-phase reactions among the decomposition products.-

- 7 -



3. Heterogeneous surface reactions between the gaseous decompo-

sition products of one ingredient and other, condensed-

phase, ingredients.

Furthermore, if oxygen or other oxidizing gases were present, they

could react in the gas phase with decomposition products or hetero-

geneously with condensed-phase ingredients.

An ignition theory which attempted to include all the possible

chemical reactions and forms of energy feedback to the propellant

surface would be prohibitively complex. However, it is to be expected

that only one or two reactions would be "rate controlling" in the sense

that they are the slow steps in the ignition process. For different

propellant systems the rate controlling chemical reaction could be

very different. A change in environmental test conditions, especially

the heat flux level or ambient pressure., could also change the rate

controlling process. As many rate controlling processes are

conceivable, it is necessary to infer from experiment which chemical

reactions are probably rate controlling under different test conditions.

Only when such information is available can ignition characteristics

of solid propellants be related to a realistic mathematical model.

Because of the complex nature of the ignition process and the

observed influence of environmental factors on ignition, several ig-

nition theories have been proposed to explain experimental observations.

Each of the proposed ignition theories is characterized in terms of

rate controlling processes. Foremost among these theories on composite

solid propellant ignition are the following:
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1. Gas-phase theory: The gas-phase theory of propellant ignition

was proposed by McAlevy and Summerfield (see References 65

and 66). This theory assumes that propellant ingredients

decompose by thermal processes and then undergo vigorous

exothermic reaction in the gas phase, transferring energy

back to the propellant. The rate controlling reactions are

presumed to be those in the gas phase close to the propellant

surface. Experimental evidence that supports this theory

is that the presence of oxygen in the test gas used for con-

vective heating experiments sometimes improves the ignitability

of solid propellants. Also, in some ignition experiments a

change in ambient pressure has been found to alter ignition

characteristics.

2. Thermal theory: The thermal theory of ignition assumes that

the rate of the ignition process is controlled by the temperature

of the solid phase. For rapid heating of a propellant this would

be the temperature at the surface of the propellant. While

acknowledging the eventual appearance of exothermic gas-

phase reactions in the late stages of the overall process,

proponents of thermal theory believe that the gas-phase

reactions appear very quickly after slower chemical processes

in, or at least involving. the solid-phase ingredients that

provide gaseous reactants. The net effect of these earlier

reactions must be exothermic, though not necessarily strongly

so, The key reactions in the ignition process become important
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only near the end of the heating period. In a short period

of time relative to the total heating period, the conditions

prerequisite for sustaining deflagration reactions are

established. The pioneering work on the thermal theory of

ignition as applied to solid propellants was conducted by

Frazer and Hicks [34] and Hicks[461, and by Altman and Grant

[2]. More recent contributors were Baer and Ryan [6,8,9];

and Evansy Beyer, and McCulley [323.

3. Heterogeneous reaction theor.y: Anderson et al. [3] have

suggested that the critical rate controlling reactions in

the ignition process are spontaneous heterogeneous reactions

between gaseous oxidizing species produced by the decompo-

sition of ammonium perchlorate and the binder-fuel. The

fact that solid propellants undergo hypergolic ignition by an

extremely reactiyve oxidizer such as chlorine trifluoride

without the application of external energy supports the

hypothesis that heterogeneous surface reactions can be

important in the ignition process.

In a later section on experimental results for ignition of com-

posite propellants containing ammonium perchlorate it will be shown

that all experimental evidence gathered indicates the slow chemical

step in the ignition process is the thermal ignition of ammonium

perchlorate. It is concluded from the experimental studies conducted

for this thesis that neither gas-phase nor heterogeneous-surface

reactions are rate controlling in that they are the slow steps in the

ignition process. On the contrary, if reactive species are present
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at the propellant surface to support what appears to be gas-phase or

heterogeneous-surface reactions, these are extremely fast reactions.

For ignition experiments in which reactive species are generated at

the propellant surface during the heating process, these species are

involved in fasl, exothermic reactions which contribute energy for

heating the propellant surface. This energy affects propellant ig-

nition by reducing the time required to bring the propellant surface

to its thermal ignition temperature. Basel on this work, it appears

that environmental oxidizing gases also influence propellut ignition

in this manner, that is, by heating the propellant surface through

either heterogeneous reactions or gas-phase re&ctions near the surface

with reactive species evolved from the propellant surface during

heating. Reactions of the kind described above that are not rate

controlling, but are found to be important in the .ignition process

under some test conditions, will be referred to as "secondary" ignition

reactions.

In the remainder of this section the main features of the thermal

ignition theory will be outlined, and the manner of its application to

analysis and correlation of experimental data will be discussed.

DISCUSSION OF TERMINOLOGY

There are three terms used frequently in the discussion of solid

propellant ignition--."ignition time," "ignition temperature," and

"mean surface heat flux"--which need careful definition for the pur-

poses of the discussion to be presented on solid propellant ignition.
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Ignition Time

Ignition time in this work is defined as the time interval beginning

with the first application of eternal energy to the propellant surface

and ending with the appearance of a combustion flame as indicated by

a light signal. When necessary, this will be referred to as a "real"

ignition time.

In this work, the start of transient heating coincided with the

arrival of the incident shock wave at the test position., and could be

measured. within an error of + 10 microseconds. The onset of a com-

bustion flame was determined by a photoelectric sensor (response time

of about 100 microseconds) that viewed the sarface of the test sample

through a window. The direct signal from the light sensor and also

the differentiated signal were displayed on the screen of an oscillo-

scope and recorded. Ignition was taken to occur at the time after

the start of heating when the differentiated photocell signal was

rising almost vertically. High-speed photography showed that at

this time a combustion flame appeared at one or more locations on

the propellant surface.

The validity of the time measurement requires further discussion

in terms of ignition theory. To illustrate the difference between a

"real" ignition time and a "theoretical" ignition time, the thermal

model for ignition will be used. If the surface-temperature history

of a propellant undergoing ignition is described by a one-dimensional,

partial differential equation that includes terms for heat transfer to

the surface both from externally applied heat flux and from the key

thermal reaction, as is the case for simple thermal ignition, one may
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define a "theoretical" ignition time as the time to reach either a pre-

assigned surface temperature or a preassigned rate of change of surface

temperature. The partial differential equation which describes the

ignition process can then be integ-ated numerically for a given set

of initial anid boundary conditions to obtain a "theoretical" ignition

time based on the preassigned cut-off conditions. Our "theoretical"

criterion for ignition will be that the rate of change of the surface

temperature reach an arbitrary but large value, say 10 6,C/(sec)o The

time it takes the propellant surface to reach this condition from the

insteat of the first application of external energy will be defined

as the "theoretical" ignition time.

An idealized surface-temperature history for a semi-infinite slab

cf propellant undergoing simple thermal ignition is shon .by Figure 1

and illustrates what is meant by a "real" ignition time. The "real"

:ignition time (t i ) corresponds to the time interval that starts with

the first application of external heat and ends with the appearance

of a luminous combustion flame at the propellant surface. As can be

seen from Figure l2 during the greater part of the heating period, the

propellant behaves as a passive solid and its surface temperature

increases only as a consequence of the externally applied energy.

The- key exothermic chemical reaction, which is characteristic of the

ignition process, is important only for a small fraction of the total

heating period. During this short interval of time, the supply of

energy from the reaction becomes much greater than that supplied

externally and produces an accelerated rise in surface temperature

which culminates with luminous gas-phase reactions.
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Figure 1

Idealized Surface-Temperature History for a Semi-Infinite Slab
of Propellant Undergoing Simple Thermal Ignition.
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The "theoretical" ignition time as defined above is indicated on

Figure 1 by the vertical line at time tT, and is compared with a "real"

ignition time by the vertical dashed line labeled t . It is apparent

that when the rate of change of surface temperature increases to a

value of about 106.C/(sec), the propellant surface will reach its

steady deflagration temperature (less than 10000 C) in much less than

one millisecond. At this time the surface temperature for steady

deflagration is only a few hundred degrees Centigrade higher than the

actual surface temperature. As the total ignition time becomes

shorter under higher external heat fluxes, the difference between the

real" time and the "theoretical" time will become a greater fraction

of the total time.

In principle the a.bove definition for "theoretical" ignition time

should apply to all propellants which undergo thermal ignition regard-

less of the nature of the thermal and chemical processes which transfer

heat to the surface. However, until equations can be written to des-

cribe all the thermal and chemical processes involved in ignition, it

is not possible to calculate a "theoretical" ignition time when

secondary ignition reactions are important. Even then a measured

"real" ignition time would still be of great importance for assessing

ignition characteristics of propellants.

Ignition Temperature

The ignition temperattre (Tsi) is the temperature at the propel-

lant surface at the time ignition is observed. This is a defined

temperature at time t and differs from the temperature at the propellant
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surface during steady burning. Two different ignition temperatures,

"ignition temperature for linear heating" and "thermal ignition

temperature." are used in the discussion on propellant ignition.

Neither temperature is a "real" temperature in that it can be measured

experimentally.

The "ignition temperature for linear heating," TL , is the tempera-
sie

ture at ignition time. t,, of the propellant surface; and it is calcu-

lated by the linearx, one-dimensional heat conduction equation, assuming

that the propellant behaves as a passive solid., its temperature rising

only under the influence of externally applied heat flux up to the

time of ignition. For propellants which undergo simple thermal ignition,

that is, there is no contribation from secondary ignition reactions to

help raise the propellant temperature. TL is that shown by the
si

temperature-time relationship of Figure l. It can be seen from Fig.'.e

1 that the ignition temperature, TLi; is nearly the same irrespective

of the ignition time used to describe it.

When secondsry ignition reactions contribute part of the energy

to produce thermal ignition of propellants, TL still has precisely

the same meaning as given above. but its significance in terms of the

ignition process has changed. TL ncw represents only the contribution
si

to the temperature rise at the surface provided by the externally

applied heat flux. This Is shown by Figuire 2.
T

The "thermal ignition temperature" (T T) is the temperature on
si

an absolute temperature scale to which the propelidnt surface must be

raised before thermal ignition occurs regardless of the mode of heat

T
transfer to the propellant surface. Tsi is a weak function of the

si
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Figure 2

Idealized Surface-Temperature History for a Semi-Infinite Slab
of Propellant Undergoing Thermal Ignition with Part of the Heat
Flux at the Surface Supplied by Secondary Ignition Reactions.
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total heat flux applied at the propellant surface and is characteristic

of the propellant system. For simple thermal ignition, as described

by Figure 1, T has exactly the same meaning and the same value as
si

L
T Ls When secondary ignition reactions contribute energy for heating

si

the propellant surface as shown by Figure 2, the value of the thermal

ignition temperature cannot be calculated directly unless the contri-

bution from these reactions to the total applied heat flux can be

ascertained. However. it will be shown later that this ignition

temperature, Ts, can be calculated with only a measurement of ignition

time under any experimental test conditions if the propellant system

has been previously characterized under test conditions which pro-

duced simple thermal ignition of the propellant.

Baer [81 has predicted from thermal ignition theory and has also

sbown experimentally that the absolute thermal ignition temperature,

TT  is not dependent on the initial propellant temperature. ThisSi'

means that a propellant that ignites thermally will ignite at the same

temperature, under a given applied heat flux, regardless of its initial

uniform tempe'rature. However, the ignition time will be a function

of the initial temperature.

Mean Surface Heat Flux

The "mean surface heat flux," F. as used in this thesis is the

externally applied, constant surface heat flux which is required to

bring the propellant to its ignition temperature (TL ) in the observed
si

ignition time. This heat flux at the propellant surface is calculated

by the following equation:



- 19 -

r 1/2 _%
Ps 2 1 (T i T) )

Where P is the thermal responsivity of the propellant (the squareP

root of the product of thermal conductivity, density and heat

capacity of the propellant)0

ti is the observed ignition time.

T is the initial uniform propellant temperature.

TL is the Ignition temperature for linear heating as previously
Si

defined.

The mean surface heat flux is the experimental heat flux for experi-

ments conducted in a radiation or carbon-arc image furnace which

give a very nearly constant heat flux at the propellant surface.

Surface heat flux has special significance in terms of thermal

ignition theory. Thermal ignition theory predicts that a plot of

experimental data in -the form of In (F) versus in (ti)1/2 can be repre-

sented by a straight line. The slope of this straight line is related

to the activation energy of the key chemical reaction in the ignition

process. This and other aspects of thermal ignition theory will be

dioscussed in considerable detail in the next section.

All the experimental data on propellant ignition presented in the

section on experimental resultts are graphed in the form of £n (F) versus

In (ti )l/2o The characterization of ignition data on propellants in

terms of' heat flux at the surface and ignition time provides a means

of representing experimental data obtained by different experimental

methods in a unified manner regardless of the nature of the heat trans-

fer process used to provide the heat flux.
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THERMAL IGNITION

Altman and Grant [2] were perhaps the first to apply thermal

ignition theory to experimental data. They studied the ignition of

composite solid propellants by heating a slab of propellant electri-

cally with an embedded wire. Using transient heating theory and the

assumption of constant thermophysical properties for the propellant,

a surface temperature at ignition was calculated from the experimentally

determined ignition time. They found from this study that their pro-

pellant ignited when the surface temperature reached 3900C regardless

of the rate of energy input to the embedded wire. a result that sug-

gested that an exothermic reaction with a high activation energy was

a rate controlling step in the ignition process. Altman and Grant

predicted from theoretical considerations that this surface temperature

at ignition should be a function of the applied heat flux and that the

ignition temperature should increase with an i.ncrease in heat flux.

However, because of the limited range of their experimental data, they

could not establish a relationship between these variables.

The concept of an invariant ignition temperature, as us d by

Altman and Grant, is thermal ignition theory in its simplest form.

Thermal Ignition with Bulk-Phase Reactions

Hicks [46] carried out a numerical analysis of a thermal ignition

model described by the following partial differential equation.
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E
a

T 2 T - RT(2PC k Z e (2)

at x = O, F(0,t) = - k = h ( - Ts
at x 9

at x = +coy3x= 0, all t

at t = P, T(x) = T0, all x

where: k; P. and c are the thermal conductivity, density, and specific

heat, respectively, for the propellant.

Z is the frequency factor and is characteristic of the rate

controlling chemical reaction.

is the heat of reaction per unit volume of propellant.

E is the activation energy of this temperature-dependenta

reaction.

The basic assumptions for this model are:

l oHeat is transferred uniformly to the surface of a homogeneous,

semi-infinite slab of propellant, initially at T0 , by a hot

gas with a temperature (T ) through a constant heat transfer

coefficient (h).

2. -Te propellant thermophysical properties, k, p, and c are

not temperature dependent.

3. The rate of the condensed-phase reactions is not dependent

on concentration of ingr edients.

4. There is no regression of the propellant surface or depletion

of reactive propellant ingredients during ignition.
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In his numerical analysis of this ignition model, which was

intended to describe ignition of double-base propellants., Hicks con-

sidered a wide range of values for T0 , Ea/R , h, k, and Pc. Re also

considered the effect of cutting off externally applied energy before

ignition occurred. For the case where energy was supplied until

ignition occurred,, ignition time was taken to be the time interval

from the first application of energy until the calculated surface

temperature reached a preassigned value. For this case he found that

the rate of energy generation in the solid and at the stxface by the

key chemical reaction is related to that absorbed at the surface from

linear heating by a constant at the time of ignition. This gives

a criterion for ignition defined by the following expression.

z 'Ea/R 
T iT

K e (3)
P 6-- + Z qV e -a/RTsi

where K is a constant characteristic of the propellant system, and

the subscript i denotes the expression is to be evaluated at time of

ignitiony t i Hicks assumed a value of 0.833 for K. Using" this value,

he found that ignition times calculated by Equation (3) differed by

less than 10 per cent from values calculated numerically using Equation

(2)0

Baer [6] showed that it was not necessary to know the value for

K in Equation (3) and, furthermore, this criterion for ignition could

be put in a useful form for correlating and analyzing experimental

data.
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/E TT 2

dIn (ti)112  a Ti)
. _ - R / 2 (4)

d In Fs E - T0 ) + T
- si si

From this expression it is seen that for ignition processes where

thermal ignition of bulk-phase reactions is controlling, experimental

data plotted in the form of In (F) versus in (ti can be represented

by a straight line. The slope of this line is related to the activation

energy, E a/R, of the key chemical reaction. For a reaction having a

finite activation energy the slope of the line will always be greater than

-± O (ISI< 1). For a system having a very large activation energy,

the slope of the straight line will approach - 1.0. For this condition,

the concept of a unique ignition temperature is valid. Thus the

criterion proposed by Altman and Grant is a limiting case of the

Hicks criterion for ignition.

Baer [6] found that Ea/R was insensitive to variations in Tsi

over the range of temperatures normally associated with propellant

ignition, and that Equation (4) agreed well with Hicks' numerical

calculations for ignition times when the values of Ea/R were greater

than 15,0000 K. The major error in evaluating Ea/R from experimental

data arises in determining the slope from an In () versus An (ti)l/2

plot. This is true since the slope has a value only slightly greater

than - 1.0 and E a/R is proportional to 1.0 plus the value for the slope.

Evans, et al. [32] considered a thermal ignition model, which is

basically the same as that proposed by Hicks, in connection with their

study of the ignition of ammonium perchlorate-copper chromite-carbon
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pellets under high radiant fluxes in a carbon-arc image furnace. In

this work special care was taken to develop an ignition model which

could be used for critically evaluating thermal ignition theory by a

series of carefully controlled ignition experiments. The differential

equation which was taken to describe the pellet heating process is:

T T -E a/RT
Pc(T) = k T2 + Z 0(T) e (5)

T
at x = O F (0.,t) = - k = I (1 - r)

5 5

at x = + co, T(t) = T0, all t

at t = 0, T(x) = T0 , all x

where I is the radiant flux received by the pellet and (1 - r) is the

fraction of incident radiation absorbed by the pellet surface, r being

the fraction reflected. The other symbols have their conventional

meanings.

For this model it was assumed that:

1. Transmittan, e of radiant energy was negligible.

2. The pellet was a one-dimensional slab.

3. The pellet was homogeneous.

4. Surface regression could be neglected.

All of these assumptions were critically reviewed in terms of pellet

properties.

Numerical solutions to Equation (5) were obtained for selected

values of constant surface heat flux using experimentally determined

values for k, p. c(T), Z. QV(T), and Ea. An important feature of this
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analysis was the use of kinetic data for the postulated key chemical

reaction in the ignition process, the exothermic decomposition of

ammonium perchlorate. The data used by Evans, et al, [32] were deter-

mined thermogravimietrically by Jacobs and Russell-Jones of the

Imperial College, London. Temperature-dependent values for c and

were used in this analysis. The regular numerical procedure for cal-

culating the pellet surface temperature was modified to include the

latent heat of phase transition for the crystalline ammonium

perchlorate.

Thermal Ignition with Surface Reactions

Baer [6] used Equation (4) to calculate activation energies for

ignition reactions from propellant ignition data obtained in a radiation

furnace. He found that they were high by a factor of about two over

that which would be expected for the key chemical reactions in the

ignition process. Activation energies for three greatly different

ammonium perchlorate propellants ranged from 57 to 80 kcal/(mole)o

It has been established that the activation energy for low-temperature

decomposition of ammonium perchlorate is about 30 kcal/(mole), and that

for the oxidation of hydrocarbons is of the same order of magnitude.

He tentatively concluded from these observations that the ignition

mechanism for composite propellants was different than that defined

by Hicks' model Equation (2).

In a subsequent analysis similar to that used for developing

Equation (4), Baer [7,80] showed that if a surface reaction is

assumed to be the key ignition reaction, then activation energies
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calculated from experimental data were in the range expected. He derived

the following equation:

d n (t )1 / 2  Ea ( T _ To + (TTi) 2
EaT

St_______ R Esi 0 'si (6)
dIn as (Ts T)

R si 0

From his observations Baer [7,8,81,82] proposed that one can

reasonably assume that a single surface reaction is controlling in

the ignition process. The exact nature of this key chemical reaction

could not be defined by the experimental data available, but appeared

to be the low-temperature decomposition of the ammonium perchlorate.

For the case where the propellant surface is subjected to a one-

dimensional, constant external surface heat flux, Fs, the mathematical

model which describes the relationship between temperature, time,

and position in the propellant sample is:

Pc k - (7)

T Ea/RT

at x = O FT (Ot) = - k x = Fs + Be

at x = + co, T(t) = To, all t

at t = 0, T(x) = T0, all x

Here the factor B is the product of tl ° frequency factor, Z. and the

energy released at the surface per unit area, Qsy by te key chemical

reaction The other symbols have their conventional meaning. An

important feature of this description is that the chemical energy
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teim is in the boundary condition Whereas Hicks considered a distri-

buted homogeneous reaction, Baer considered the key reaction to be

localized at the surface.

For the purpose of this analysis, Baer assumed that:

lo The propellant undergoing heating through a constant surface

heat flux could be treated as a homogeneous, semi-infinite

solid originally at a uniform temperature (T0 ).

2. The zhernophysical properties of the propellant, k, p. and

c were not temperature dependent. Values determined experi-

mentally at 600C were used.

3. Negligible surface regression of the propellant surface

occurred up to the time of ignition.

h The rate of the surface reaction was not dependent on

concentration of ingredients.

5 Activation energy; Eaj and heat of reaction, Qs, are not

temperature dependent.

6. That ignition of the propellant occurred when the heat flux

contributed by the surface reaction was much greater than

the applied surface heat flux.

Equation (7) was put into a dimensionless form and numerical

solutions to the equation were obtained for a range of reasonable

values for the parameters. The results of this analysis can be

summarized as follows:

1. A plot of experimental ignition data in the form of In (P S)

versus in (t )l/2 can be represented by a straight line

with a slope greater than -1.0. The slope of this line,
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to a good approximation,is only dependent on the activation

energy for the key ignition reaction and the initial pro-

pellant temperature. The activation energy is related to

the slope of the line by:

RT
S = 4.2- - (8)

a

2o Ignition time (t i ) can be expressed in terms of the mean

surface heat flux and propellant thermal properties by:

(ti)1/ 2  p (1)i/2= I  E a i R  T (9)
2F 1- 1.04 In (P /B)

It is seen from Equation (9) that for two propellants having the

same activation energy and pre-exponential factor, B, but differing

in thermal responsivity, their relative ignition times at a given

surface heat flux are a function only of their thermal properties.

This fact is an important one in the later discussion of results.

The surface energy for thermal ignition is defined as:

ti

f dt (10)
-i 0 s

and can be evaluated from Equation (9). For the case where the

externally applied heat flux can be represented as a mean surface

flux, Fs1 the ignition energy is"

(r) 2 IT Ea/R
E.- , s T 0  (11)
S4 1 - 1.04 n (F/B)
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The ignition model does not allow predicting the value for

activation energy and the pre-exponential factor, B, but provides a

method for determining these values for a propellant system from

experimental data. Neither does the model predict an effect of

pressure on ignition time; however, if it is found experimentally

that pressure has an effect on ignition, it can be included later

as a factor in B.

By examining the groups that appeared when Equation (7) was

put intc dimensionless form for numerical solution, Baer [8,82]

found that ignition data for a series of propellants which have the

same value of Ea/R and B, but have different thermophysical properties,

should be represented by one straight line if the data are plotted

in the form of a dimensionless surface heat flux (U) versus a

dimensionless ignition time (ti*) on logarithmic coordinate paper.

t. ( 2

= s/B (13)

Thus for a giren surface heat flux and initial uniform propellant

temperature (T 0 ), the value of t* would be the same for all propellants

which ignite thermally and have the same key ignition reaction,

regardless of the value for thermal responsivity of the propellant.

For a given value of t.* the thermal ignition temperature (T T) would

be the same for all propellants with the same values of Ea/R and B.



-30

From this analysis it was also found that the method was still

more general and that ignition data for propellants for which the

activation energy of the key ignition reaction was the same, regard-

less of the values for B and rP, could all be represented by the same

straight line when experimental data are plotted in dimensionle-ss form.

The mathematical model defined by Equation (7) was found to be

in excellent agreement with experimental data for ignition of composite

propellant under low radiant heat fluxes in the radiation furnace

[8)82]o It was found by the research reported here that this model

also describes the ignition process for composite propellants under

high convective fluxes.

Thermal Ignition with Surface Heating from Secondary Ignition Reactions

Through the experimental studies on propellant ignition conducted

for this thesis, it is now possible to see more clearly how secondary

ignition reactions affect propellant ignition. Secondary ignition

reactions are important in the ignition process under some test con-

ditions in that they supply energy for bringing the propellant surface

to its thermal ignition temperature.

Figure 3 shows how these secondary chemical reactions affect the

ignition process. In this figure the solid-line curve (1) represents

simple thermal ignition. Under an equivalent externally applied heat

flux, the net effect of secondary reactions is to reduce the time

required to bring the propellant to its thermal ignition temperature

(TT ) as shown by the dashed-line curve (2). Based on the experimental
si

work for this thesis, it appears, for ignition of propellants by
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Figure 3
Surface-Temperature History for a Propellant Undergoing Thermal
Ignition Illustrating the Effect of Secondary ignition Reactions
on the Ignition Process. Curve 1 is for Simple Thermal Ignition.
Curve 2 is for Thermal Ignition with Part of the Heat Flux at the
Surface Supplied by Secondary Ignition Reactions.

A. Temperature Rise Produced by the Key Ignition Reaction.
B. Temperature Rise Produced by Secondary Ignition Reactions.
C. Linear Feating From Externally Applied Heat Flux.
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convective heating with a neutral gas, that these reactions are extremely

fast gas-phase or heterogeneous-surface reactions involving only

ammonium perchlorate decomposition products evolved during heating.

These reactive species appear to be generated by two-dimensional

heating of surface imperfections. The presence of secondary ignition

reactions does not change the basic thermal ignition process, but

affects ignition only by supplying part of the energy for heating the

propellant surface.

The theory for thermal ignition of solid propellants has undergone

much development, and it describes in considerable detail simple ther-

mal ignition of propellants. However, except for the studies by

Anderson, et al. [4], only a small amount of theoretical work has been

done to include energy contributions from secondary chemical reactions

in propellant ignition theory. Anderso, and coworkers [4) have con-

sidered in much detail the heating of a propellant surface by exothermic,

heterogeneous-surface reactions between an environmental oxidizer and

the propellant binder-fuel. They considered two cases: (1) heating

from exothermic reactions only and (2) heating from exothermic reactions

in conjunction with externally applied heat flux. They were able to

treat this problem since they could predict with reasonable precision

the effect of oxidizer concentration on the surface reactions.

Thermal Ignition Theory and Composite Propellants

One of the assumptions required for the development of thermal

ignition theory needs further discussion relative to its application

to composite propellants.
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This is the assumption that a composite propellant can be regarded

as a truly homogeneous, semi-infinite solid at high heating rates. The

transient heat conduction problem that applies to a composite solid

of this kind does not appear to have been solved by either analytical

or numerical methods, and no attempt was made to obtain a solution for

this problem in the work for this thesis. Consequently, for the

present, this assumption can only be discussed with semiquantitative

arguments.

Take as an example a propellant which contains a very fine

particle-size ammonium perchlorate, say a 15-micron (weight average)

cut with particle diameters ranging from sumicron size to 25 microns.

Calculations show that the average thickness of the polymer film between

particles would be less than a micron if there were no appreciable

agglomeration of ammonium perchlorate particles. It is thus seen that

for propellants which contain an appreciable fraction of fine ammonium

perchlorate, the difference in thermal properties would not preclude

the establishment of a fairly uniform temperature at the propellant

surface. It has been observed experimentally that propellants con-

taining the same ingredients, but with a different particle-size

distribution of ammonium perchlorate in a bimodal blend, which always

included an appreciable fraction of 15-micron ammonium perchlorate,

exhibited essentially the same ignition characteristics under test

conditions where simple thermal ignition of the propellant occurred.

For propellants with only a coarse particle-size ammonium

perchlorate, the polymer film surrounding each particle would be much

thicker and one would expect the temperature of the exposed polymer to
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be as much as 50 to 100°C higher, depending on th particle size, than

that for the surface of an ammonium perchlorate particle. Even so,

one would expect. by analogy to the one-dimensional heat conduction

problem (the bringing together of two semi-ifinite solids of different

thermal properties and at different temperatures) that a fairly uniform

interface temperature would be established between the polymer and

ammonium perchlorate particles at the surface. The thermal ignition

temperature for a propellant with coarse particles would the2n be the

interface temperature at the time ignition occurred.



CHAPTER III

EARLIER WORK ON PROPELLANT IGNITION

All ignition studies on propellant, regardless of the mode of heat

transfer to the propellant surface or the nature of the environmental

test conditions, reflect the response of a propellant system to external

stimuli and reveal information about the important chemical processes

in ignition. However. this section is restricted to a brief review of

experimental work on ignition which is relevant to the work described

in this thesis. Specific information from convective heating experi-

ments and also information on propellant ignition obtained by different

heating methods is integrated in the discussion of experimental

results for propellants studied in the research for this thesis.

Some of the work reviewed here has been reviewed previously by

Summerfield and Hermance 189,43].

IGNITION BY CONVECTIVE HEAT FLUXES

Perhaps the earliest quantitative studies on the ignition of

solid propellants by convective heat fluxes were reported by Churchill,

Kruggel, and Brier [241. In this work cylindrical grains of pyro-

cellulose and double-base propellants were exposed to cross-flow

heating with hot nitrogen) oxygen, carbon dioxide, or mixtures of

oxygen and nitrogen. The results of this study showed that the gas

temperature, gas velocity, and composition of the t st gas, if it

contained oxygen, affected -the time for ignition tc occur. Some of

-35-



results on M-2 double-base propellant from this study are compared with

data obtained in a pressurized furnace under radiant and free-convection

heat transfer by Roth and Wachtell [78].

In general, the results under convective heating by Churchill et al.

definitely show that gas-phase processes are important in the ignition

of pyrocellulose and double-base propellants. However, -the work of

Roth and Watchell indicates that condensed-phase reactions also have

a role in the ignition process for double-base propellants.

The first quantitative studies on the ignition of composite pro-

pellants by convective heat fluxes that are reported were conducted

by Baer in a shock tube. The results of this work are reported in

References 6 and 9. He studied ignition of propellant samples mounted

in the wall of a test section at the end of the shock tube. The rate

of energy transfer to the wall position was measured prior to making

ignition tests. Several different ammonium perchlorate propellants

and one ammonium nitrate propellant were studied. Baer found that

compositional factors influenced propellant ignition, but he did not

undertake a systematic variation of propellant ingredients. For

ignition of these propellants under heat fluxes of 25 to 100 cal/

(cm) 2(sec), he found that ignition time was primarily dependent on

heat flux at the propellant surface when air or nitrogen was used as

the test gas. All propellants were tested under approximately the

same gas velocity, and heat flux was varied by increasing the gas

temperature and pressure. Pressure and temperature of the test gas

had no observable effect on ignition time at a given heat flux. When
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oxygen was used as the environmental gas, the time for ignition of

the propellant to occur as observed by a photoelectric device was

considerably shorter than in air or nitrogen at equivalent heat flux

levels. Since ignition time was primarily dependent on heat flux

at the propellant surface in air and nitrogen, it was concluded that

ignition results on composite propellants could be correlated by the

criterion for thermal ignition suggested by Hicks [46]. Baer also

found that data obtained for ignition of the same propellants in a

radiation furnace were in qualitative agreement with data obtained

by convective heating. It was apparent, however, that hotreactive

gases, such as oxygen, greatly reduced the ignition time for propellants

in convective heating tests. He suggested that the improved ignitability

resulted from heating of the propellant surface by exothermic reactions

between the binder-fuel and oxygen.

The work of Baer was extended by McCune [67,80] to slightly higher

heat flux levels to cbtain minimum ignition times in the range of one

to two milliseconds. This work was conducted in a 4.0-in. diameter

shock tube, rather than the 1 7/8-in0 diameter tube used by Baer,

to ob .ain more uniform gas properties behind the reflected shock.

McCune also varied the test-gas velocity across the propellant through

tie use of different flow-control orifices downstream of the test

position. The results of this study were in good agreement with Baer's

earlier work, except that McCune observed that one of the propellants

tested was more difficult to ignite as the velocity of the test gas

across the surface of the propellant was increased.
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In a more recent investigation, Hermance 143] studied ignition

of ammonium perchlorate propellants by conve-tive heating in both

.upersonic and subsonic gas streams. These ignition studies were

conducted in a shock tunnel. In none of the tests at supersonic gas

velocities, Mach 2.35, using fest samples in the form of either a two-

dimensional wedge or a cylinder with a hemispherical end, was steady

deflagration of the propellant observed. However, some regions of

luminosity were observed by high-speed photography for a wedge-shaped

sample having a semi--vertex angle of 450 and for the hemisphere-

cylinder-shaped sample. When regions of luminosity were observed

they were always brighter when oxygen was the test gas. Examination

of samples after tests showed changes in surface characteristics

which resulted from exposure of the propellant to the high-temperature

and high-velocity gases, but. these surface features varied somewhat

and were dependent on the shape of the test sample and test gas.

For subsonic flow tests, at a gas velocity of 60 ft/(sec), a

propellant sample in the form of a flat plate with a sharp leading

edge was ignited in test gases composed of pure oxygen, pure nitrogen,

or mixtures of nitrogen and oxygen. Ignition occurred under all test

conditions, but ignition was much faster at equivalent heat flux

levels in gases that contained oxygen than in pure nitrogen. The

effects of variable total gas pressure and subsonic flow velocities

were not investigated in this study. Hermance concluded from these

studies that the concept of a gas-phase mechanism controlling in the

ignition process of composite propellants cannot be neglected. This

conclusion was based, primarily, on the observed dependence of ignition
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time on the concentration of oxygei, in the test gas at subsonic flow

conditions, and the fact that ignition followed by steady-state

deflagration of the propellant never occurred for heating at supersonic

flow conditions.

The most comprehensive experimental study on propellant ignition

of those reported was that conducted by Bastress, Alan and Richardson

(10]. In this work they studied ignition of propellants in both

radianut and convective heating experiments. in addition, they investi-

gated the effect of solid particles and flame retardants in the convec-

tive gas on ignition0  Also, they measured heat flux from practical

propellant igniters and applied this information to the ignition of

propellant grains.

The apparatus used for studying ignition in convective heating

experiments was uniquely suited for this work. The propellant samples

to be ignited were mounted in the wall of a long, rectangular test

channel, 1.0-ino wide by 0.25-in, high. The channel wall was heated

by the flow of h t gases from a gas-fueled combustion chamber. During

start up of the combustion system, hot combustion gases were vented

through two ports in the combustion chamber and were prevented from

fgcfwing into the test section by a diaphragm downstream of the pro-

pellant position. The test channel was also pressurized with helium

during start up to prevent flow of combustion gases into the tst

section. When the diaphragm was ruptured. hot gases flowed through

the test section and the flow rate was controlled by a nozzle at the

exit section. Heat flux was uonitored during each ignition run by

wa.i-muunted thermocouples. Ignition was detected photoelectrically.
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To study the effect of environmental factors, Bastress, et al.

varied gas temperature, gas flow velocity in the test section (as high

as Mach 1), and composition of the convective gases. They found that

the most significant factor influencing ignition of the propellant

was the rate of heat transfer to the propellant surface. In adition,

as has been observed by most investigators, the presence of cxygen

in the test gases reduced ignition time. In these tests and also for

tests by radiant heat fluxes, little or no effect of pressure on

ignition time was observed when the test pressure was varied from

30 to 135 psia. Since there was no test-period limitation in the

apparatus used, ignition was studied over a wide range of heat fluxes

with the maximum near 200 cal/(cm)2(sec). Another significant obser-

vation was that ignition characteristics of the propellant were

strongly dependent on surface roughness. It wes also observed in

this work that velocity of the gas in the test section influenced

ignition and that ignition time increased with gas velocity at equi-

valent externally applied heat fluxes. For gas velocities less than

Mach 0.2 in the test section, there was no noticeable change in

ignition characteristics with a variation in gas velocity.

Bastress? Alan, and Richardson were primarily interested in

developing experixiental methods for obtaining ignition data which

could be used for designing ignition systems. They did not attempt

to relate their experimental observations on propellant ignition to

a particular ignition theory. However. they did point out that the

propellant surface does not remain unchanged during the heating process,
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and that an ignition theory that describes solid propellant ignition

must take into consideration the chemical and physical changes that

occur at the propellant surface.

Lancaster [58] and Grant [41] studied composite propellant

ignition using combustion gases from a gas-fueled combustor to heat

the propellant surface. Hot gases were passed through the perforation

of a cylindrical grain of propellant, before being exhausted to the

atmosphere through 3. critical-flow nozzle. The results from these

studies are summarized by Reference 40. To separate the effects on

ignition of heat flux, pressure, and concentration of oxygen in the

test gas, in one phase of this study ignition tests were conducted

with the same heat-transfer rate at the propellant surface. The

effect of pressure on ignition was studied over the range of 30 to

80 psiao The effect of oxygen on ignition was investigated by varying

the amount of methane, nitrogen, and oxygen in the combustor fped

in such a way that the temperature of the hot gases was the same for

the series of tests. The concentration of oxygen was as large as

75 weight per cent of the test gas for some ignition runs. Both

changes in pressure and concentration of oxygen in the test gas sig-

nificantly influenced the ignition of propellants In the experiments

conducted by Lancaster and Grant, the ignition of propellants was

followed by recording the pressure history in the chamber. The ob-

served effects of pressure and oxygen concentration in the test gas

on ignition were explained in terms of chemical processes in the gas

Is

phase .

0qWW. F
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Kling, Maman, and Brulard 155] have recently published their work

on ignition of composite solid propellants by convective heating in a

shock tube. The experimental apparatus they used was similar to that

used by Baer [6] and McCune [67] in earlier studies, and is also very

similar to that used for conducting research for this thesis. Kling,

et al. [55] investigated the effect of gas velocity, which they varied

over the range of 12 to 220 m/(sec), and the effect of oxygen concen-

tration in the test gas, a mixture of nitrogen and oxygen. All tests

were conducted under high pressures, 35 to 55 atmospheres, and at

high convective heat fluxes which gave ignition of a wall-mounted pro-

pellant sample in less than 5 milliseconds in most tests. It was

found from this study that both the velocity of the gas across the

propellant surface and oxygen in the test gas affected propellant

ignition. However, it was also noted that propellants of different

composition responded differently to these environmental factors.

Based on these studies, K3ing, Maman, and Brulard concluded that the

determining step in ignition of composite propellants is a process in

the gas phase.

IGNITION BY RADIANT HEAT FLUXES

Beyer and Fishman [13] studied ignition of an ammonium perchlo-

rate propellant with a polysulfide rubber binder in an arc image

furnace. Ignition characteristics of this propellant were observed

at pressures in the range of 0.0065 to 35 atmospheres and at radiant

2heat fluxes at the propellant surface of 5 to 75 cal/(cm) (sec).

The first indication of luminosity at the surface was taken to be the



- 43 -

onset of ignition. Energy requirements for ignition were based on a

"go/no-go" criterion. Beyer and Fishman found that the energy required

to produce ignition was strongly dependent on the ambient pressure,

particularly for pressures in the range of 0.l to 5 atmospheres. They

also found that the effect of pressure on ignition was more pronounced

at higher heat flux levels. Beyer and Fishman also observed that the

exposure time to induce ignition of the propellant was strongly

dependent on the level of the externally applied heat flux for fluxes

of 5 to 10 cal/(cm) (sec), and was a much weaker function of heat flux

for fluxes in the range of 1O to 75 cal/(cm) 2(sec). In this work they

also found an effect of oxygen on ignition. As the concentration of

oxygen in the gas stream, which was passed through the ignition chamber,

was increased, the external energy required to produce ignition of the

propellant was greatly reduced. High-speed motion pictures taken by

Beyer and Fishman, during ignition tests at atmospheric pressure 3nd

at high radiant heat fluxes, showed that a flame was first observed

in the gas phase above the propellant surface which was followed by

ignition at the propellant surface.

Price, et alo [77] report experimental data for ignition of

different ammonium perchlorate propellants in an arc image furnace.

The experimental work reported was conducted by the Bermite Powder

Company and Stanford Research Institute. Much of the ignition data

reported are for Propellant A-26, composed of the following ingredients:

25o0 per cent polybutadiene-acrylic acid copolymer, 75.0 per cent

ammotium perchlorate (80 micron), and 1.0 part per hundred parts

W~-
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propellant of copper chromite. For propellant A-26, ignition times

were almost identical at pressures of 15 and 100 psia for equivalent

radiant heat fluxes in the range of 5 to 20 cal/(cm)2(sec) with air

or nitrogen as the test gas. For low heat fluxes, 5 to 20 cal/(cm) 2

(sec), ignition time was strongly dependent on the heat flux level

[(ti)1/2 was approximately proportional to 1/Flo For higher heat

2
fluxes, 30 to 100 cal/(cm) (sec), ignition time was a weaker function

of heat flux, but was now also dependent on the ambient test pressure.

Ignition data are reported in the paper by Price, et al. [77]

for propellants with different additives and particle sizes of ammonium

perc!ldorate. Ignition tests on these propellants were made at nominal

pressures of 200 and 400 psia and at a radiant heat flux of 100 cal/(cm) 2

(sec). For propellants with no additives, a propellant with 15-micron

ammonium perchlorate ignited much faster than a similar propellant

with 80-micron ammonium perchlorate. For propellants which contained

copper chromite, the effect of variations in particle size of the

ammonium perchlorate was no longer significant. Both copper chromite

and carbon black, in concentrations as low as 0.5 per cent in the

propellant, significantly reduced ignition times below those observed

for propellants without additives. In general, ignition times were

longer at test pressures of 400 psia than at 200 psia; however, studies

at different pressures for applied heat fluxes of 100 cal/( cm)2( see)

sh(wed that the ignition process was a complex function of test pres-

sure and the effect of pressure was also related to the concentration

of additives in the propellant.
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Evans, Beyer, and McCulley [32] made a careful study vf the

ignition characteristics of pressed propellants, containing carbon

black., copper chromite, and ammonium perchlorate, in a carbon-arc

image furnace at heat fluxes of 9 to 63 cal/(cm) 2 (sec). All ignition

experiments were conducted at 25 atmospheres in nitrogen. The con-

centrations of copper chromite and carbon in the pellets were varied

systematically to study the effect of compositional factors on ignition.

The pellets tested w re classified according to composition: (1) constant

copper chromite plus carbon (5 per cent of the pellet), carbon was

varied from 0 to 4 per cent; (2) constant copper chroite., concentration

of copper chromite was held at 2.5 per cent and carbon content was varied
from 0.5 to 4.5 per cent in equal increments* and (3) constant carbon,

concentration of carbon was held at 2.5 per cent and copper chromite

was varied from 0.5 to 4.5 per cent.

The experimental procedure employed by Evans, et al. was to

determine for a given radiant heat flux the minimum exposure time,

te , necessary to initiate a deflagration wave at the pellet surface.

For t e greater than t i initiation occurred during exposure to the

radiant heat flux, and for t e equal to t i a deflagration wave was

initiated within one millisecond of the time that the energy pulse

was cut off. The temperature of the pellet surface, at the time that a

deflagration wave was initiated, was calculated using the experi-

mentally determined values of t..

Evans, Beyer, and McCulley found that when carbon was added to

the composition that ignitability of pellets was greatly improved.

w~
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For ignition of pellets which contained 5 per cent copper chromite

and no carbon, the temperature at the pellet surface was about 3800 C

at t When 1.0 per cent carbon was added replacing copper chromite

the temperature of the pellet surface was only 2600 C when the energy

pulse was cut off. Variations in the concentration of copper chromite

in the pellets from 0.5 to 4.5 (for pellets with 2.5 per cent carbon)

reduced the surface temperature at t i from 2600C to 2400 C, respectively,

a rather insignificant amount relative to the effect exhibited by

variations in carbon content. They also found that for a given pellet

composition the surface temperature a the instant that the application

of external energy was terminated, te, an exposure time sufficient to

initiate steady deflagration was independent of the heat flux level.

In general, the experimental results reported by Evans, et al.

were not in agreement with those predicted by thermal ignition theory.

Pellets were foud to ignite in a much shorter time at a given heat

flux level thar, that predicted by theory. They concluded that the

experimental ignition results obtained indicated that thermal ignition

of materis- in the solid phase was not a prerequisite for initiation

of s deflagration wave at the pellet surface.

Baer and Ryan [8,82] studied ignition of composite propellants in

a radiation furnace at radiant hevt fluxes of 1 to 13 cal/(cm) 2 (sec).

These low heat fluxes gave ignition times in the range of 0.2 tc 25.0

seconds. Contributions from both radiation and free-convection heat

transfer in the furnace were considered for calcuiating heat flux at

the propellant surface during ignition tests. They found for ignition
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at low radiant heat fluxes that ignition t±rmes for ammonium perchlorate -

oxidized propellants were dependent only on the magnitude of externally

applied heat flux, F , and the initial uniform propellant temperature,

T The effect of ambient pressure on ignition was checked by subjecting

an ammonium perchlorate-polysulfide rubber propellant to low heat

fluxes in a sealed furnace and ignition times were measured at pressures

in the range of 0.2 to llo0 atmospheres. In another study on this pro-

pellant, the initial propellant temperature (T0 ) wes varied over the

range of -60 to +60 0C for ignition tests at atmospheric pressure.

From this study it was found that the calculated linear heating

temperature (TL ) at igniticn for a given applied heat flux was essen-
si

tially independent of the initial temperature (T0 )

In addition to the work described above, Baer and Ryan studied

the effect of ingredients on propellant ignition. A group of pro-

pellants were made to study the effect of copper chromite concentration

on the ignition characteristics of an ammonium. perchlorate propellant

with polybutadiene-acryl-ic acid rubber as the binder-fuel. They found

that the ignitability of these propellants improved with incremental

additions of copper chromite from 0 to 2 weight per cent. When the

amount of copper chromite was increased from 2 to 4 per cent in the

propellant, no further improvement in ignitability was observed.

Experimental data for two of these propellants, propellant F (with

2 per cent copper chromite) and propellant G (with no copper chromite),

have been retabulated in Table 1 of Appendix K from Reference 82,

and are presented graphically in the form of In (F) versus in (ti)l/2

by Figure 4. Complete compositional data for propellants F and G are
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given in Table 2o Propellants F and G were found to be slightly trans-

parent to thermal radiation, and to ensure absorption of all radiant

energy at the propellant surface, freshly cut surfaces were coated

with a thin coat of carbon black. The resuLts shown by Figure 4 are

for propellant samples prepared in this manner. The difference in

ignition times for propellants F and G at a given heat flux level

represents the effect of copper chromite on the ignition process. It is

interesting to note that both sets of data on the in (F) versus

In (t i)1/2 plot are represented 'by straight lines with slopes of -0.92.

Baer and Ryan also studied the ignition of pressed propellants

containing only non-volatile fuels of carbon and graphite in a radiation

furnace at low heat fluxes. All of the pressed propellants tested con-

tained PO weight per cent of copper chromite. They found, as was pre-

dicted by thermal ignition theo'y, that ignition data for all of the

pressed propellants, although thermal properties were greatly different,

can be represented by one straight line on logarithmic coordinate

paper if the data are plotted in the form of a dimensionless surface

heat flux (F*) versus a dimensionless ignition time (ti*) as defined

by Equations (13) and (12)., respectively. In addition, the ignition

data in this dimensionless form for cast propellant F (with 2.0 per

cent copper chromite) were represented by the same straight line that

described ignition results for the pressed propellants.

In another experiment Baer and Ryan [8,82] studied the ignition

of samples of F-propellant with square corners. They have shown by

analytical solution of the heat conduction equation :r two-dimensional

heating of a semi-infinite (900) corner that the temperature rise of a
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semi-infinite corner would be twice that for the surface of a semi-

infinite solid subjected to the same surface heat flux. From this

analysis and considerations involving the propellant properties and

thermal ignition theory, they predicted that the ignition time for a

sample with a flat surface would be 3.6 times as long as that for a

sample with a semi-infinite corner exposed to the same surface heat

flux. The ratio of ignition times (ignition time for a flat surface

divided by that for a semi-infinite corner) at the same surface heat

flux was in excellent agreement with that predicted.

All of the ignition results on composite propellants reported by

Baer and Ryan at low radiant heat fluxes were in substantial agree-

ment with those predicted by thermal ignition theory. They concluded

from this study on ignition of ammonium perchlorate propellants that 4

the first step in the ignition process was the decomposition of amnmonium

perchlorate. The initial reaction is immediately followed by chemical

reactions involving ammonium perchlorate decomposition products ad

the fuel..



CHAPTER IV

SHOCK-TUBE APPARATUS

The simple shock tube is a useful tool for studying ignition of

solid propellants by convective heating in that it provides a means

of producing hot gases for ignition tests in a few microseconds.

Also., chemical composition, temperature, and pressure of test gases

can be easily varied to specifications.

The shock-tube apparatus used for ignition studies on propellants

in the research for this thesis is described in considerable detail in

Appendix A. This shock tube had a diameter of 1 7/8 in., a driven

section with a length of 15.5 ft., and a driver section with a length

of 52.h ft. The test section for convective heating experiments was

mounted at the end of the driven section opposite the diaphragm position.

Figure 5 is a cutaway sketch of the driven end showing the position of

the test section. Figure 6 is an exploded view of the test section

showing a propellant sample holder, flow-control orifice plate, and

the quartz window through which propellant surfaces were viewed during

ignition tests. Test procedures are described in Appendix B.

The test section has a constant-area flow channel, 1.15-in. long

by 0.500-in. wide by 0.250-in. high, with a bell-shaped entrance region.

The center of the test position at the wall of the flow channel is

0.50 in. from the intersection of bell-shaped entrance and the constant-

area flow channel. The velocity of the hot, test gas through the test

- 51 -
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Retaining
~716"! Flange

PRESSUREPICKUP TES 3.63'  1-0.60" -"---'

SECTION,

2 .75" 6.50"

Figure 5

Cutaway Sketch of Driven End of Shock Tube Showing
Position of the Test Section.
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Figure 6

Sketch of Test Section
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section was controlled by different critical-flow orifices at the out-

let of the flow channel.

Since it was important to know the rate of heat transfer to the

propellant surface during ignition tests, a series of studies were made

on the shock-tube apparatus to provide data for calculating heat flux

to the propellant surface. These studies included: (1) calibration

of flow-control orifices at critical-flow conditions; (2) measurement

of incident shock wave attenuation in the driven end of the tube so

that the temperature of shock-heated gases could be calculated at the

entrance to the test section; and (3) measurement of heat transfer at

the test position for several initial shock-tube conditions and with

different flow-control orifices for obtaining heat-transfer coefficients

for heat transfer between the hot test gases and the wall of the flow

channel at the test position. These preliminary studies for charac-

terizing the shock tube are discussed in Appendix C.

HEAT TRANSFER TO WALL OF TEST SECTION

For critically evaluating ignition results on propellants with

respect to thermal ignition theory, it was necessary to know the heat

flux at the propellant surface to within about 5 per cent of its actual

value during ignition tests. In a simple convective heating apparatus,

the rate of heat transfer from a hot gas to the wall of a channel

through which the gas is flowing can be predicted to within 10 per cent

for steady-state conditions by conventional methods. For the shock-

tube apparatus described briefly in the preceding section, the heat

transfer process was not amenable to conventional analysis because of
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complications introduced by the test section design and also the manner

in which the hot, convective gases were produced. In general, the

heat transfer process in the test section can be described as

transient, convective heat transfer in the entrance region of a rec-

tangular cross-section channel following the passage of a shock wave.

Because of the specialized nature of the heat transfer problem, it

was necessary to make a thorough experimental study of heat transfer

to the wall of the test-section flow channel before starting ignition

tests. The experimental conditions which were investigated in the

heat-transfer study are summarized by Figure 7.

The following discussion is a brief summary of the results

obtained from the study on heat transfer in the shock-tube apparatus.

A thorough discussion of the experimental procedures and analysis of

results for this study has been reserved for Appendix C. Heat transfer

to the flow channel wall was measured with a heat flux gauge (a thin-

film platinum resistance thermometer bonded to a glass or ceramic

substrate) mounted flush with the channel wall . Heat flux gauge

measurements were made at the same position in the test section as

tbat used for ignition tests. The temperature-time relationships

obtained from heat flux gauges for shock tube runs with air or argon

as the convective gas 'were analyzed with the aid of transient heat-

conduction theory. The results of this heat-transfer study were

correlated in terms of shock parameters and gas properties in a form

that could later be used for calculating the rate of heat transfer to

propellant surfaces during ignition tests.
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Figure 7

Range of Test Conditions for Heat Transfer Study

Test Ga6
Test Variable Air Argon

Incident Mach No. at

test section (ME) 1.9 - 3.9 1.9 - 3V1

Gas temperature, Tg) (OK) 700 - 2300 900 - 2650

Driver pressure, P 0 , (atm) 11, 18, 25 11, 18, 25

Area ratios a (A or/Ats) 0115. 0.227, 0.458 0.227
0.964

Mach No. of gas flow
through test section

(tts) 0.07, 0.13, 0.28, 0.13
ca. 1.0

Mean. gas velocity through
test section, U, m/(sec) 45 - 80C 75 - 140

Mass flow rate through
test section, G,
g/(cm)2 (sec) lo - 180 20 - 70

Reynolds No. at test
positionb (Rex) 23,9000 - 870,000 30,000 - 170,000

Heat flux at test
position F,
cal/(cm) (sec) 10 - 120 i0- 80

Heat gauges Pyrex, alumina, Pyrex, Pyroceram
Pyroc eram

aFlow area of control orifice divided by area of test section flow

channel (see Table 18).

bReynolds Number based on distance from leading edge (center of heat

flux gauge 1.27 cmo from leading edge).
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It was found from this study, as was observed previously by

Baer [6,9] that the transient heating process at the wall could be

represented by an instantaneous temperature rise produced by the inci-

dent and reflected shock waves as they moved through the test section,

followed by a one-dimensional heating of a semi-infinite solid through

a constant surface heat transfer coefficient. The equation which

describes this heating process and also completely describes the

temperature-time data obtained from heat flux gauges is:

h T 2tjl/2 (i.

T - . (1 - e erfc N), N = pr14)

Where Ts, T., and T are the time-dependent surface temperature,

temperature of the gauge surface immediately following the passage

of the reflected shock wave, and temperature of the gas, respectively.

For temperatures defined on an absolute temperature scale, T is:

T T +ATo, (OK) (15)

Where T is the initial uniform wall temperature and T is the0 0

instantaneous temperature rise produced by passage of the shock wave.

For the test section illustrated by Figure 6, heat transfer

coefficients, h, for heat transfer from the test gas to the wall at

the test position were correlate, in terms of the gas stagnation

temperature, T g(K), and the mass flow rate, G[g/(cm)2 (sec)], of

the gas flowing through the test-section channel. Experimental heat

transfer coefficients were represented within 9 per cent by the following

equations:
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For air, oxygen, and nitrogen:

h = 1.435 x 10-4 (T )0"3 (G)0 "9 05, Ical/(cm) 2(sec)(°K)] (16)

For argon:

h = 4.05 x 10-4 (G)l'06 [cal/(cm) 2(sec)(°K)] (17)

Where T is in °K, and G has the units cal/(cm)2 (sec).
g

The initial instantaneous temperature rise (AT0 ) at the flow-

channel wall produced by the incident and reflected shocks was found

to be a function of: (1) the Mach number of the incident shock wave,

(2) the pressure behind the reflected shock (P4)1 (3) the thermal

responsivity of the heat flux gauge substrate material, and (4) the

area of the flow control orifice. For air as the test gas, it was

found that T 0 at the gauge surface could be represented by the

following relationships (these relationships are also applicable to

nitrogen and oxygen):

For A or/Ats greater than 0.458:

= O°K (18)0

For A or/Ats less than 0.458:

1/2

ac = 13.66 or) ((1- A) (ME -1.20), (OK) (19)

Where P* is a reference pressure having a value of 10 atmospheres.

P* is the thermal responsivity of the Pyrex heat flux gauge

having a value of 0.0366 cal/(cm)2 (sec)l/2(OK).
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A* is the flow area of flow-control orifice No. 1 with an area

of 0o369 (cm) 2
0

Aor and Ats are the areas of flow control orifices and test

sectiony respectively, (cm)20

ME is the value of the Mach number of the incident shock wave at the

test end of the driven section.

Heat transfer ruins were made using only one flow-control orifice

when argon was used as the test gas. For flow control orifice No. 3

(area ratio of 0o227), the initial temperature rise could be approxi-

mated by:

For ME less than 2o35:

Mo = 0 °K (20)

For ME greater than 2q35:

/E 1/2

6T\ (=.11.1 2.35)) (OK) (21)

Once the nature of the heat transfer process in the test section

Uas known, the information from this study was applied directly for

calculating heat transfer to propellants during ignition tests as

described in the following section.

HEAT TRANSFER TO PROPELANTS

As mentioned earlier, thermal ignition theory predicts that

ignition data for propellants which ignite thermally can be represented

by a straight line if data are plotted in the form of In (F) versus

R_4 X _
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on (ti)l/° The mean surface heat flux (F) is calculate assuming

the propellant undergoes linear heating, up to the time that ignition

is observed, under only the influence of externally applied energy.

The ignition time (t i ) is a real time which is measured with a

photocell.

During ignition tests on propellant, ignition time (ti) was

measured with an RCA 1P40 gas photodiodeo The signal from the photo-

cell and from the Kistler, Model 601, pressure pickup were recorded

from an r '!i~loscope screen with a Polaroid camera. With this infor-

mation and the measured incident shock velocity. gas temperature and

mass flow rate of the gas in the test section were calculated. From

known relationships between Mach number and the initial temperature

rise behind the reflected Lhock (Efluations (18) and (19) for air, nitrogen,

or oxygen) and from the relationship between mass flow rate and heat

transfer coefficient at the test section wall, Equation (16)., the

ignition temperature for linear heating (T I) was calculated using,

siEquation (14i)o For this calculation of TSi, it was assumed that the

propellant thermophysical properties were constant during the heating

process and the values measured at 600C were used. It was also assumed

that the propellant. is a homogeneous, semi-infinite solid. It will

be shown later that the assumption of constant thermophysical properties

for the propellant is a reaonable one, and variations of these

properties with temperature do not greatly alter the calculated heat

flux at the propellant surface. The thermophysical properties of all

propellants investigated in this ignition study are given in Table 4.

Thermophysical properties, of several propellants were determined

I,#
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experimentally, and for the others, properties were estimated from

data on the individual ingredients or from data on similar propellants.

The experimental methods used for determining thermophysical properties

of propellants are described in Appendix D.

Using this calculated value for TL Equation (1) was then usedsi

to calculate the mean externally applied heat flux to the propellant

surface.

r ' 1/2(T
S=TL - TO  (1)

2 (TI/ si

where T is the initial uniform propellant temperature, °K. For this

calculation, the propellant is assumed to behave as a passive solid,

and undergoes heating to its ignition temperature without the crystal-

line phase change. Very little is known about the kinetics of the

crystalline phase transition from the orthorhombic to the cubic

crystal structure at approximately 240°C. The DTA analysis on ammonium

perchlorate by Bohon [19] indicates that this is-a slow transition and

occurs over a fairly wide temperature range (approximately 200C).

Jacobs and Kureishy [48] indicate that the transition temperature for

this transformation is displaced even at a rather slow heating rate of

2000C/(min.). Evans, Beyer, and McCulley [32) included the heat of

phase transition, 2-7 kcal/(mole), in their calculations of surface-

temperature histories for pressed propellants. The results of these

calculations by Evans, et al. are shown graphically in Figure 3 of

Reference 32. The effect of the crystalline transformation on the

calculated ignition temperature is not very large. It can be shown
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from considerations related to transient heat conduction theory that

the heat of phase transition, if the transition actually took place,

would decrease the calculated ignition temperature by about 100 C.

Since ammonium perchlorate is the primary constituent in all propellants,

even if the phase change did occur, the results for different propel-

lants would still be comparable and the calculated heat fluxes would

be lower by 2 or 3 per cent than those calculated without consideration

of the phase transition.

A detailed exam::le of the procedure used for calculating ignition

temperature and exteinally applied heat flux to propellant surfaces,

as described above, is presented in Appendix E.



CHAPTER V

IGNITION OF F-PROPELLANT

An extensive study was made of the ignition of F-propellant by

convective heat fluxes. This propellant was selected for extensive

study since a number of related combustion studies of it have been

concluded or are in progress. Some of these related studies were on

low- and high-frequency c',nbustion instability [11,25,73]. Also,

research has been conducted on flame spread and flame extinguishment

using this propellant [29,67,69,70]. In addition, ignition of F-

propellant had been previously studied by low radiant heat fluxes

[8,82). Some preliminary results on F-propellant ignition have been

published previously in References 51 and 83.

F-propellant was composed of 80 per cent ammonium perchlorate

(equal fractions of 15- and 200-micron cuts), 18 per cent PBAA binder-

fuel, and 2 per cent copper chromite (Harshaw Catalyst, Cu 0202P).

All of the propellant samples used in convective heating experiments

were prepared by casting freshly mixed propellant directly into the

cavity of the sample holder (See Figures 6 and 75). The method used

for processing propellant and filling of sample holders is described

in Appendix F. The cavity of the sample holder was overfilled so that

a fresh surface could be cut immediately before ignition tests with a

new single-edge razor blade. Photomicrographs of a cut surface of

F-propellant are shown by Figures 8 a and 8b. The white spots on the

- 63 -
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a. 5X Magnification b. 2kX Magnification

Figure 8
Photomicrographs of a Freshly Cut Surface of F-Propellant.

.... ~~ ~ ~ ~ w OWN INV ,--l -. "'



- 65 -

surface are fractured ammonium perchlorate crystals and the dark spots

are crystals which were perfectly cut in the plane of the surface.

It was not possible to cut perfect".y smooth surfaces on samples of

F-propellant with a razor blade as shown by Figure 8, and it is esti-

mated that the surface roughness was of the order of 20 to 30 microns.

The ignition of F-propellant is described on the following pages.

in general, the ignition data discussed in this section were obtained

in the research for this thesis, but some experimental data from

other studies are included to complete the picture of F-propellant

ignition.

TEST VARIABLES FOR IGNITION OF F-PROPELLANT IN TEE SHOCK TUBE

Thermal ignition theory predicts that ignition data for propel-

lants that ignite thermally should be represented by a straight line

if the data are plotted in the form of In (P) versus in (ti)1/2,

and the slope of this straight line is related to the activation

energy of the key ignition reaction. Equation (8). Baer and Ryan

[8.821 have shown that ignition results on F-propellant obtained by

subjecting the propellant to low radiant heat fluxes in a radiation

furnace were in excellent agreement with those predicted by thermal

ignition theory. Although ignition data have been obtained on

similar ammonium perchlorate propellants in both convective heating

and radiant heating experiments in previous work reported by Baer [6]

and Bastress, et al. [101, in none of this earlier work was there

found to be more than qualitative agreement among data obtained by

different experimental methods. As a consequence, it has not been
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previously possible to arrive at any firm conclusions about the ignition

process for ammonium perchlorate propellants.

Since thermal ignition theor suggests a simple relationship

between the heat flux level applied to a propellant surface and ignition

time, F-propellant was subjected to a variety of test conditions at con-

vective heat fluxes in the range of 20 to 160 cal/(cm)2(sec). As

already mentioned, considerable effort was expended to obtain reliable

heat transfer data in the shock tube apparatus which would provide a

basis for assessing quantitatively the heat flux at the propellant

surface during ignition tests*

In order to observe the true response of F-propellant to exter-

nally applied convective heat fluxes, most of the ignition tests were

conducted with nitrogen or argon as the te st gas. It is well known

from the previous work of Baer [6], McCune [6], Bastress, et al. [10].,

Hermance, et aL° [431, and KLing., et al. [55] that oxidizing species

in the test gas significantly affect the ignizabilty of ammonium

perchlorate propellants in convective heating experiments.

The heat flux at the propellant surface in convective heating

experiments is dependent on the fcLlowing parameters for a given test

gas

f = f (Tg , U, P) (22)

Because of the strong dependence of heat flux on the parameters,

Tgp U, and P, these parameters cannot be varied independently without

also changing level of applied heat flux to the propellant surface.

It is seen that if each of the parameters, T 9 U., and P, also affect
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the propellant ignition one cannot separate the individual contributions

of F., T . U, and P to the ignition process. To alleviate this problem,

both argon and nitrogen were used as test gases in ignition experiments.

It can be shown through considerations involving the thermophysical

properties of argon and nitrogen that to produce equivrlent heat

fluxes at a propellant using these two gases, at a given pressure, P,

the temperature must be several hundred degrees higher for argon than

for nitrogen. Because of the difference in molecular weights of

the two gases, the velocity, U., for argon through the test-section

flow channel~ for the same flow-control orifice, is very nearly the

same for a given value of heat flux, although the temperatures for

the two gases are diiferent. Therefore, through the use of argon

and nitrogen, the gas temperature could be varied independently to

determine its effect on ignition.

Mass flow rate, G., also appears as a test variable in convectivC

heating experiments, and is dependent on Tg, U, and P. Except for

determining heat flux to the propellant surface, the mass flow rate

would not be expected to influence independently propellant ignition

unless mass transfer processes were also important.

NATUME OF EXPERIENTAL DATA

During ignition runs using the shock tube for producing hot gases,

pressure in the shock tube near the test section was monitored with a

Kistler, Model 601. quartz pressure pickup and the surface of the

propellant was viewed with an RCA 1P4O gas photodiode. The electrical

signals from these instruments were displayed on the screen of an
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oscilloscope and permanently recorded with a Polaroid camera. Some

oscilloscope records obtained from ignition runs on F-propellant are

showr, by Figure 9.

Figures 9a and 9b are records obtained from ignition runs at law

gas velocities in the test section, Mach 0.07 and 0.13, respectively.

Data derived from the ignition tests from which these records were

obtained are given in Table 3- Ignition time at determined from

these records is the time after the first application of energy that

the differentiated photocell signal begins to rise very rapidly. This

corresponds to the devzlopment of steady deflagration at some location

on the surface and a rapid spreading of the flame over the surface.

This observation was verified by high-speed motion picture studies of

F-propellant ignition which are described in another section. The

light intensity is much greater for low Mach number runs as indicated

by the continual downward movement of the direct light signal. At

Mach 0.28, Figure 9c, the light intensity drops off sharply after

about 10 milliseconds. This corresponds to the arrival of cold driver

gas at the test position. At Mach 1.0, Figure 9d. the light intensity

is very low because of the thin flame zone, and the light signal returns

to its base-line as burning is quenched when cold driver gases enter

the test section, after about 6 or 7 milliseconds , in this case. The

time of arrival for the incident shock wave at the test section which

coincides with the start of heating, is usually shown by a small pip on

differentiated light signals, see Figure 9a.
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a. Run No. 29-12-4+. b. Run No. 212-24-2.
Gas Velocity: Mach 0.07. Gas Velocity: Mach 0.13.
Heat Flux: 28 cal/(cm)2(sec). Heat Flux: 4+3 ca1/(cm)2(sec).
Ignition Time: 34+.4 sec. Ignition Time: 13.8 msec.

c. Run No. 39-2-9. d. Run No. 23-2-9.
Gas Velocity: Mach 0.28. Gas Velocity: Mach 1.0 2
Heat Flux: 68 cal/(cm) 2 (sec). Heat Flux: 127 cal/(cm) (sec).
Ignition Time: 9.3 msec. Ignition Time: 3.7 msec.

Figure 9

Oscilloscope Records of Pressure Pickup and Photocell Signals for
Ignition Runs on F-Propellant at Various Test Conditions. Time Base
(Right to Left), 5 msec/(div.), all Records. The Trace that Starts
at the Lower Left on Each Record is the Pressure Trace, 50 psi/(div.).
Traces Starting at the Top and Center of Each Record are the Direct
and Differentiated Photocell Signals, Respectively.

IgniionRunson -Proellnt a VaiousTes Conitins. imeBas
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With the data from these records and a measurement of the incident

shock velocity in the driven section, the procedures already described

are used for calculating the heat flux applied to the propellant

surface. Data for all ignition runs on F-propellant in nitrogen,

including those for which ignition did not occur, are tabulated in

Table 3 of Appendix K. For runs during which no ignition was detected,

an ignition time, ti, a surface temperature for linear heating of the

propellant, sL and a heat flux value, F, are given which correspond

to the end of the test period that was determined by heat flux gauge

measurements. The test period is terminated either by the arrival at

the test position of the reflected rarefaction wave or by the depletion

of processed gases.

In Table 3 and other tables of ignition data, the information

under heading Propellant Code describes the propellant composition.

For example, the first letter identifies the propellant. The number

following the letter, such as F-5. denotes the batch number. All pro-

pellants were made in small batches and sometimes, if many tests were

to be performed, several batches were required since some of the

samples were always discarded because of imperfections. The letter

following the batch number, for example F-30M1, means the propellant

was a modification of the original composition. In this case the

letter M indicates that the fine particle size (15-micron) ammonium

perchlorate was obtained from a different supplier.

All of the other symbols used for headings in Table 3 are defined

in the Table of Nomenclature of Appendix L. A sample calculation,

.1I
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describing the method used for obtaining the calculated results given

in Table 3, is presented in Appendix E.

IGNITION IN NITRCGEN

In this section the experimental data for ignition of F-propellant

by convective heat fluxes with nitrogen as the test gas are presented

and analyzed. The important environmental factors studied in this

phase of the work on F-propellant ignition were heat transfer rate

to the propellant and velocity of the test gas across the propellant

surface. Applied heat fluxes were studied over the range of 30 to

160 cal/(cm) 2(sec). It is estimated that the mean heat flux at the

propellant surface could be calculated to within about 5 per cent of

its actual value. Gas velocity through the test section ranged from

50 to 800 m/(sec). Ignition tests were conducted at pressures of 14

to 25 atmospheres, and temperatures of the convective gas were varied

from 1000 to 20000K.

Description of Experimental Results

Ignition at Low Gas Velocities

For the purpose of this discussion low gas velocities are velocities

of the convective gas through the test-section channel with Mach num-

bers (M s) of 0.07, 0.09, and 0.13. Since shock-tube operating con-

ditions are varied to produce different heat-flux levels, the only

variable which is not influenced by these changes for a given critical-

flow orifice at the downstream end of the flow channel is the Mach

number of the test gas. In this case, because cp/C v for the gas is

not a strong function of temperature, the Mach number to an excellent
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approximation is dependent only on area ratios (A or/Ats). It is thus

convenient to present ignition results from convective heating experi-

ments as a plot of In (F) versus in (ti)1/2 for values of constant

Mach number. The data for F-propellant are presented in this manner

by Figure 10 for Mach numbers of 0.071 0.09, and 0.13. The data

graphed in Figure 10 are also given in Table 3. and are only for

regular F-propellant. Propellant surfaces exposed to convective

heating were cut immediately before each run with a new single-edged

razor blade.

The first ignition runs on F-propellant in the shock tube were

conducted at low gas velocities, 50 to 115 m/(sec) as shown by Figure

10. When the data from these tests were compared to the results ob-

tained on F-propellant in the radiation furnace at low heat fluxes

[8.82] (shaown by the uppermost straight line of Figure 10 which is an

extrapolation of the radiation furnace results given by Figure 4), it

was found that all data from convective heating tests fell below the

line defined by the radiation furnace results for ignition at atmos-

pheric pressure. This was contrary to expectation since it was

believed that the ignition results at low radiant heat fluxes represented

simple thermal ignition of F-propellant. Also no pressure effect on

ignition was observed. The data shown by Figure 10 were obtained at

pressures of 14 to 25 atmospheres, and no stratification of the data

was found that could be attributed to a pressure effect on ignition.

Furthermore, the temperature of the hot nitrogen passed over the pro-

pellant surface was in the range of 1000 to 20000 K. approximately the

same range of temperatures as that used for radiation furnace tests.
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10.0-1I

9.0

8.0
Radiation furnace results

7.0 extrapolated,

6.0 -

5.0 y \ SIope : -0.92

4.0

L, slope: -1.0 o

3.0 \.

Flow App.

Control Gas Vel. \C
Symbol Orifice Mtt (m/sec)

0 No.3 0.13 100
0 No.4 0.09 70 0

No.5 0.07 50
Line defined by ignition data
for gas velocity of Mach 0.13.
Line defined by ignition data
for gas velocity of Mach 0.09.
Line extrapolated from ignition
results at low radiant heat fluxes, --1.0...

20 30 40 50 60 70 80 90 100
F,[Cal /(cm)2(se!c)

Figure 10

Ignition Data for F-Propellant in Nitrogen at Low Gas Velocities
For Pressures of 14 to 25 Atmospheres.
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It appeared that the only test variable which was greatly dif-

ferent from those encountered in radiation furnace tests was the gas

velocity over the propellant surface. However, one would expect

that velocity of the test gas would have an adverse effect on ignition,

and that ignition times would be longer at equivalent heat fluxes in

a convective heating experiment than in a radiant heating experiment

where the propellant would be surrounded by a stagnant gas. In other

words, reactive species formed at the propellant surface would not be

swept away in the fluid stream as in a convective heating experiment.

Except for the difference in ignition times for F-propellant in

the shock tube and radiation furnace, the only significant trend shown

by the data obtained by convective heating was that F-propellant was

more difficult to ignite as the velocity of the gas across the pro-

pellant surface was increased. This effect can be seen by comparing

ignition data of Figure 10 at Mach 0.07 and 0.09 with those obtained

at Mach 0.13. Even though it was not possible to arrive at any con-

clusions about the ignition process from the data at low gas velocities,

it was interesting to note that the data plotted in the form of

in (F) versus in (ti)1/2 were well represented by straight lines with

a slope of -1.0. This result is in qualitative agreement with thermal

ignition theory.

Ignition at Intermediate Gas Velocities

In the next set of experiments on F-p:.ropellant the velocity of

the gas across the propellant surface was increased to Mach 0.20

and 0.28, actual gas velocities of about 150 and 210 m/(sec).
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respectively. Ignition data for Mach 0.20 and 0.28 are shown on the

In (F) versus In (ti)1/2 plot of Figure 11 along with data obtained at

Mach 0.13 and a straight line representing the extrapolated radiation

furnace results on F-propellant.

The effect of higher gas velocities was to further lengthen ig-

nition time over that observed for equivalent heat fluxes at Mach 0.13.

Again the data were well represented by straight lines with slopes of

-1.0. The fact -hat gas velocity has such a large effect on ignition

strongly suggested that gas-phase or heterogeneous-surface reactions

were participating in the ignition process; and as the gas velocity

was increased, reactive species at or near the propellant surface

were being diluted by the fast-moving, inert gases. If gas-phase

species were important in the ignition process, such an effect would

be expected. Although the results at higher gas velocities were of

interest, it was still not possible to understand why F-propellant

ignited faster by convective heating than by radiant heating.

Ignition at High Gas Velocities and the Ignition Paradox

As a final test of the effect of gas velocity, ignition runs were

made on F-propellant at Mach 1.0; actual gas velocities through the

flow channel were in the range of 700 to 800 m/(sec). For these

tests no flow-control orifice was used downstream of the test position

and flow of hot gas from the shock tube was controlled entirely by

the open area of the flow channel. This was a critical test of thermal

ignition theory for if gas-phase or heterogeneous-surface reactions were
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the key processes in the ignition of F-propellant, it would be expected

that the F-propel! ,= ,rould not ignite at Mach 1.0.

It was found that F-propellant ignited at Mach 1.0; however, steady

burning was later extinguished when cold driver gases mixed with the

test gas and flowed through the test section. When the data for the

three tests at Mach 1.0 were graphed on logarithmic coordinate paper

in the form of F versus (ti)l/2, the data points were well represented

by the straight line which was extrapolated from the results in the

radiation furnace. The ignition data for tests at Mach 1.0 in the

shock tube are compared to those obtained in the radiation furnace

on Pigure 12.

The results at Mach 1.0 were unexpected for they showed that

F-propellant ignites by a simple thermal ignition process only at

very high gas velocities, and they suggested that at lower gas velocities

propellant ignition was accelerated by a supplementary mechanism. If

it were assumed, on the other hand, that gas-phase or heterogeneous

surface reactions involving the production of reactive species at the

surface were controlling in the ignition process, it was again impossible

to explain the result, for the data showed that at higher gas velocities

the relative effect of gas velocity on ignition was diminished. This

result would not be expected if gaseous species were necessarily

involved in the ignition process. The ignition paradox was finally

resolved when it was found that variations in gas velocity did not

affect the ignition of propellants which had very smooth surfaces.

This result suggested that the improved ignitability of F-propellant

at low gas velocities was related to imperfections produced at the
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propellant surface during the preparation of samples for ignition tests.

The importance of this finding with respect to thermal ignition theory

will be discussed in subsequent sections.

Effect of Test Variables on Ignition

From the experimental results presented by Figures 10, 11; and

12 it is seen that the test variable which has the most significant

effect on the ignitability of F-propellant in a neutral environment

(neutral in that the test gas contains no reactive gases) is the rate

of heat transfer to the propellant surface. This is shown by the

relationship between heat flux (F) and ignition time (t i ) for ignition

tests at different Mach numbers. It was found that (t )1/2 was

directly proportional to 1/F for ignition at low gas velocities.

A second variable which was found to affect the ignitability of

F-propellant for convective heating was the velocity of the test gas

througn the test section. The gas velocity effect is shown by the

sets of ignition data at different constant Mach numbers in Figures

10 and IL Here tbe Mach number (M ts) is that for the bulk gastsa

velocity in tbe test-section flow channel. It is shown by these

data that the relative effect of gas velocity on ignition time

dim.tnishes as gas velocities are increased, and at Mach 1.0., ignition

data obtained in the shcck tube were in substantial agree-ment with

those obtained in the radiation furnace. From the velocity effect

observed. it is predicted that at a threshold Mach number of 0.50,

corresponding to a test section velocity of about 400 m/(sec),

the ignitability of F-propellant would no longer be significantly
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influenced by gas velocity and that ignition data cbtalned above

Mach 0.5 would be represented by the line on an In ( ) versus In (t )1/2

plot defined by radiation furnace results and the data obtained at

Mach 1.0.

To better illustrate the effect of gas velocity on the ignition

F-propella.t, average values of (ti )l/2 as defined by the cc,_! tant

Mach nuniber lines of Figures 10, 11, and 1?. have been plotted in

Figure 13 as a function of Mrs foi different const:an-t. values of

externally applied heat flux, F. It will be shown later that this

velocity effect can be linked with imperfections on the prcpellant

surface and that when a very smooth-surfaced propellant is tested,

the effect of velocity on ignition is negligible.

A third test variable which was found uo affect the ignition of

F-propellant was the temperature of the conrective gas. This effect

of gas temperature cannot be gleaned from the data presented by

Figures 10, ll., and 12 for it is subtly concealed by the velocity

effect° However, it will be shown, and this discussion is also reserved

for another section, that when high-temperature argon was -used as the

convective gas, propellants with surface imperfections ignite in

considerably less time at equivalent gas velocities and heat fiuxes in

argon than in nitrogen. The gas temperature effect on ignition can

be exposed by comparing data for ignition tests In argon and nitrogen

because the thermophysical properties of argon are considerably

different from those of nitrogen. as a consequence, for a given heat

flux, the gas temperature of argon is several hundred degrees Kelvin

higher than that for nitrogen. The net result of this difference in
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gas properties is that the temperature of the convective gas can be

varied independently of U, P, and P In ignition experiments. The

effect of gas temperature on the ignition of ammonium perchlorate pro-

pellants diminishes as test velocities are increased and propellant

surfaces are made smoother.

It should be pointed out that no measurable effect of pressure

on ignition of F-propellant was observed in this shock tube work when

the test pressure was varied over the range from 14 to 25 atmospheres.

This is in general agreement with earlier work by Baer [6] and McCune

[671, and also with that of Bastress, et al. [10]. Under high radiant

fluxes (75 to 100 cal/(cm)2 (sec)) produced by an arc image furnace,

some investigators (see for example, References 13 and 77) have

observed that changes in ambient pressure greatly influence ignition

of ammonium perchlorate propellants even at fairly high pressures.

These observations have not been confirmed by Bastress, et al. [10],

for they found even at very high fluxes (greater than 100 cal/(cm) 2

(sec)) in an ar image furnace that there was little or no pressire

effect on ignition for pressures in the range 30 to 135 psia.

Discussion of Results with Respect to Ignition Theory

Simple Thermal Ignition of F-Propellant

As indicated earlier, it was found that at very high gas velocities

through the test section, in this case about Mach 1.0 (actual gas

velocities of 720 to 800 m/(sec)), surface imperfections no longer

influence the ignition of catalyzed ammonium perchlorate propellants,
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and ignition characteristics can be described by simple thermal

ignition theory. In Figure 12 the results of ignition tests on F-

propellant at high gas velocities are compared with data obtained by

carefl experiments under low radiant fluxes of 1 to 13 cal/(cm)-(sec).

These data are plotted as -n (F) versus in (t )l/2. As these results

show the straight line which defines ignition under low radiant

fluxae when extrapolated is in remarkable agreement with the data for
,

high c.:, rective fluxes 15 to 155 cal/(cm)-,.sec)). Detailed data for

ign.iiu,1ro cf F-prcpellant by convective heat.: fluxes are given in Table 3.

The data for .gnition at low radiant fluxes were presented previously

in References 8 and 82., and have been. retabulated in Table 1 and

are graphed in Figure h.

The data at, low radiant fluxes were cbtained in a radiation fur-

nac-e at atmospheric pressure with alr as the environmental gas.

Special care was taken to ensure that all radiant energy intercepted

t-y tt-e si)'rfi.ce w&as absorbed a.t t'Oe surface of the propellant. This

was acccmLph shed oy coating the sample surface with a i-ery thin coat

of c&aroon biacko Both radiant and free-convection heat. transfer to

tte surface were considered in calcua.ating the surface heat flux.

Although tests on F-propellant under radiant heating were only con-

darted at atmospheric pressure, experiments on a similar ammonium per-

chlorate prcpellant showed no effect of pressure on ignition when the

presure was varied from 0.2 to 11L.0 atmospheres [8,82]. Also, in

.mi-ar tests under low radiant fluxes, no effect of the gaseous

environment was found when air and nitrogen were used.
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Some additional comments are required with regard 'to the results

given by Figure 12. To start with we will assume that the line which

defines ignition in the radiation furnace and that for convective

heating at Mach 10 (Figure 12) represents the true ignition character-

istics of F-propellant and that F-propellant ignites by a simon&: thermal

ignition process. Under these conditions, one-dimensional h.ting of

the surface, ignition characteristics of F-propellant are described

by the ignition model proposed by Baer, Equation (7); the ignition

time for a given one-dimensionally applied surface heat flux is given

by Equation (9).

(t 1)1/2 = r p ,)/2E a/R T

2F [ - l.04 In(F/B) 0

Wb'ere ti has the dimensions of seconds and F those of cal/(cm)2 (sec).

With the aid of Equation (8) and using an initial propellant

temperature (T0 ) of 3000K. it was found for the data given 'by Figure

12 that Ea/R is about 15, 5000K which corresponds to an activation

energy for the key ignition reaction of 30.8 kcali/(mole). it is

interesting to note that this value is in reasonable agreement with

activation energies obtained for the thermal decomposition of ammonium

perchlorate contaiiing copper chromite. See for example the results

of Jacobs and Russell-Jones, reported by Evans, et al. [32]1. The

activation energies they report are in the range of 31 to 32 kcal/(mole)

for the low-temperature (200 to 2800 C) decomposition of ammonium

perchlorateo° This value for the activation energy also corresponds

to that observed for the uncatalyzed, low-temperature decomposition
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of ammonium perchlorate [15, 37]. The pre-exponential factor, B, has

a value of 4.45 x 10I O cal/(cm)2(see) for the data of Figure 12.

Also there is a uniquely defined thermal ignition temperature

associated with each value of externally applied flux that must be

reached before runas ay surface reactions are initiated that bring

about the transition to steady deflagration. This ignition tempera--

ture can be calculated from the transposed form of Equation (1):

TT =T 4. 2 1/2 (23)Si r (T
p

The straight line which represents tie ignition data for F-

propellant on the n (F) versus in (ti)1/2 plot of Figure 12 for low

radia&t fluxes and for convective heatIng at high gas velocities is

defined by the following equation for an initial uniform propellant

temperature of %r-,roximately 300"K.

= 28°94/(P)l1 8 4  (24)t2

Where ti has the units of seconds and F the units cal/(cm)2(sec).

By cc ibining Equations (23) and (24), we find (for F-propellant upon

taking T0 to be 3000K and using the value for thermal responsivity

2 1f2
of the propellant at 6 0Qc, 0.0212 cal/(cm) (sec)'/2(OK)) that the thermal

T
ignition temperature, Ti, can be expressed as a function of' either the

mean surface heat flux or the measured ignition time by the following

equations *

TT (OK) 300 0K + 286.1 (P)0.08 (25)
si

T. ("K) 300 0K + 443.4/(ti)0 o435 (26)
51
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Where F has the units of cal/(cm) 2(sec) and the ignition time (ti)

is in milliseconds. It is seen from Equation (26) that the thermal

ignition temperature for F-propellant can be calculated directly oom

an experimentally determined ignition time.

This background information on the ignition of F-propellant for

test conditions under which it ignites by a simple thermal ig'.ition

process provides a starting point for a discussion of how environmental

factors affect propellant ignitability. If a propellant ignites in a

shorter time at low gas velocities than at high gas velocities for a

given externally applied heat flux, then factors other than one-

dimensional heating of the surface from hot, conve6tive gases must 'be

important in bringing the propellant surface to its thermal ignition

temperature, TT  See Figure 3- In other words' heat flux in an
si

amount which is the difference between that required to bring the pro-

pellant to its ignition temperature in the observed ignition time and

that which is supplied externally by one-dimensional. convective heating

from hot gas is generated at or near the propellant surface.

Thermal Tgnition of F-Propellant with Secondary Ignition Reactions

Analysis of the Ignition Process. During ignition studies on

F-propellant and other ammonium perchlorate propellants it was found

that propellants with rough surfaces ignited faster in convective

heating experiments at low gas velocities than at high gas velocities.

(Furthermore, as will be shown, the ignition of smooth-surfaced

propellants was not influenced by gas velocity.) In the ignition

experiments on other propellants, compositions were varied, surface
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characteristics were changed, and different types of ammonium perchlo-

rate decomposition catalysts were tested. In view of the numerous

experimental observations on the ignition of propellants, which will

be discussed in subsequent sections, it was found that the following

processes appear to be important in providing part of the total heat

flux required to bring the propellant to its thermal ignition tempera-

ture when imperfections are present on the propellant surface:

1. Two-Dimensional Heating of Surface Imperfections. The

presence of imperfections on the propellant surface, such as fractured

ammonium perchlorate particles and pits formed by pulling of ammonium

perchlorate particles from the surface during cutting of a propellant

surface for ignition tests, provides sites for two-dimensional con-

vective heating. The amount and magnitude of this surface roughness

is related to the size of the ammonium perchlorate particles in the

propellant. In preparing a propellant surface containing large particles

of ammonium perchlorate (some particles were as large as 400 microns

in diameter in F-propellant), it was impossible to cut an aerodynamically

smooth surface. One can cut through some of the large ammonium per-

chlorate particles, as shown by Figure 8, flush with the plane of the

propellant surface. Some of the particles are fractured and others

with their bases near the cutting plane are pulled from the propellant

matrix. Most of the surface defects are below the plane of the cut

surface. It is estimated that the surface roughness of a freshly

prepared sample of F-propellant is of the order of 20 to 30 microns.

But in some cases pits as deep as 50 microns were observed. Each
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surface was examined microscopically before tests and when extremely

rough surfaces were found the sample was discarded.

Baer [8,82] has shown through an analytical solution of heat con-

duction equations and by experiments on propellants that for heating

of a 90-degree, semi-infinite propellant corner the temperature rise

at the corner is twice as large for a given heat flux as for one-

dimensional heating of a propellant surface. From this work by Baer,

it appears that two-dimensional heating of surface imperfections

could contribute to raising the total surface temperature more rapidly-

by heat conduction laterally from a higher temperature hot spot at

the surface. However, since heating times to produce ignition were

very short, usually less than 25 milliseconds in this work, one would

not expect this effect to be of great importance. It is expected that

the greatest contribution from two-dimensional heating would be the

generation of reactive species in these regions of higher temperature

at the surface. These reactive species co"l.d then undergo exothermic

reactions and provide energy to supplement external flux. It is

unlikely that localized ignition would be initiated at these localized

hot spots until a sizable portion of the surface surrounding it (say

of the order of several square millimeters) is heated to its ignition

temperature. This would be particularly true at high gas velocities

in the test section.

2. Heterogeneous-Surface Reactions. Another source of energy

for heating the propellant surface could come from heterogeneous-surface

reactions. 'The true nature of these reactions is not known, but one can
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speculate about these reactions, and then look for evidence in data

from ignition experiments for postulating a reaction mechanism. As

suggested in the previous paragraph, two-dimensional heating of

exposed rough edges of ammonium perchlorate partiles would raise the

temperature of the individual particles above that of the mean surface

temperature and thus provide decomposition products which are capable

of undergoing further reaction. Such reactive species, including

perchloric acid, ammonia, and other ammonium perchlorate decomposition

products characteristic of the low-temperature decomposition reaction,

could undergo further exothermic reaction at reactive sites on the

surface. Also, oxidizing species in the decomposition products of

ammonium perchlorate might react heterogeneously with the binder-fuel

or with pyrolized hydrocarbon fragments at catalyst sites. Studies by

Cummings and Hall [27] showed that the perchloric acid-methane reaction

gave flame speeds about three times as fast as that for the oxygen-

methane flame. This shows that ammonium perchlorate decomposition

products are extremely effective oxidizing agents.

Heterogeneous-surface reactions appear to be important since

ammonium perchlorate propellants containing catalysts, such as iron

oxide and copper chromitef ignite much faster at a given heat flux

level under convective heating than do uncatalyzed propellants. This

comparison is based on relative ignitability of the two types of

propellants under radiant and convective fluxes. It is known that

both iron oxide and copper chromite are good oxidation catalysts.

These catalysts would not be expected to be in the gas phase at low



- 90 -

surface temperatures (200 to 4000C). Consequently, it appears that

these catalysts affect the ignition of propellants under convective

heating by catalyzing surface reactions. For heterogeneous-surface

reactions which depend upon transport of reactive species, an increase

in the gas velocity would decrease their effectiveness, and at very

high gas velocities no contribution for heating the surface would be

expected from this source.

Baer [8,82] has shown in radiation furnace tests that an increase

in the concentration of copper chromite catalyst (from 2.0 to 4.0 per

cent) does not improve the ignitability of a propellant system. The

effect of the concentration of copper chromite on ignition over the

range reported by Baer was not studied under convective heating where

the effect of catalyst concentration may be more important and provide

clues as to the nature of secondary ignition reactions. It needs to

be emphasized that secondarj ignition reactions are only important

during ignition of propellants with surface imperfections.

3. Gas-Phase Reactions. Still another source of energy for

raising the propellant surface temperatures would be gas-phase

reactions among amnonium perchlorate decomposition products or

between ammonium perchlorate decomposition products and gaseous polymer

fragments. Here again surface imperfections would be important in pro-

viding localized hot spots where gaseous reactants are generated, also

for providing flame holders for gas-phase reactions. Gas-phase reactions

would not be as effective in providing energy feedback to the surface

as surface reactions, out if the gas-phase reactions were strongly
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exothermic they could add significantly to the surface heat flux. The

fact that Temperature of the convective gas has an effect on ignition

time at a given externally applied surface heat flux indicates that

gas-phase reactions are important at lower gas velocities. On the

other hand~ if gas-phase reactions are important, one would expect a

sizable pressure effect on ignition. Such an effect on ignition has

not been observed in this work. It is possible, however, that reactive

species undergo further gas-phase reaction at the rate at which they

are generated. l this were true, it would not be possible to detect

a pressure effect on ignition at low gas velocities. The energy

contribution from gas-phase reaction would be influenced by the gas

velocity. As the gas velocity is increased, reactive species would

be diluted and surface imperfections would be less effective as

flame holders, and at extremely high gas velocities their contribution

to the surface heat flux would be negligible.

It appears that secondary ignition reactions, be they gas-phase

or heterogeneous-surface reactions, are not highly exothermic and

occur at rather low temperatures. It was shown by a high-speed motion

picture study of F-propellant ignition which is described in another

section that no luminosity was observed at the propellant surface

until ignition occurred and a combustion flame appeared. This was

true even when ignition occurred at several locations on the surface.,

Only for a, few of the tests did motion pictures reveal a dull, reddish

glow a few frames before a co:mbustion flame became visible. It is

possible that gas-phase or surface reactions were not visible because
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propellants at low film speeds in order to detect such reactions.

Such experiments would be more revealing under convective heating

where background radiation does not interfere. With respect to

these secondary ignition reactions, it is well known, and it .n easily

be verified by heating of an ammonium perchlorate crystal on a hot

plate, that the flame associated with reaction of the decomposition

products has a very low luminosity. This reaction, however, if catalyzed

at the surface of the propellant could contribute significantly to

the surface heat flux, and yet not be visible on a high-speed motion

picture film or be detectable with a photocell

To summarize these observations with respect to the ignition

results given by Figures 10 and 11 for F-pi opellant in nitrogen at

low and intermediate gas velocities. it appears that two-dimensional

heating of surface imperfections followed by heterogeneous-surface

reactions and. gas-phase reactions augments the surface heat flux and

helps bring the propellant surface to its ignition temperature.

Effect of Seccndary Tgnition Reactions at Intermediate and high

Gas Velocities0 With reference to Figure 11, the lines whichl have

been drawn to describe the data for Mach numbers of 0.13, 0.20, and

0.28 all have a slope of -10. This is in contrast with the slope -.f

the line which describes the data obtained in a radiation furnace

and that for convective heating at high gas velocities (Figure 12).

This line has a slope of -0.92° Obviously, assigning a slope of a

-1 0 to these data is somewhat arbitrary, and the true slope cannot
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be established within perhaps 5 per cent. Also, it is seen from the

plot of experimental data, that if a curve-fitting technique were

used, each set of data, corresponding to a given Mach number, would

have a different slope. It is apparent, however, that lines having a

slope of -10 describe these data reasonably well. Also, for other

propellants having compositions similar to F-propellant for which

more consistent data were obtained, there was a strong indication

that the slope of the lines is very close to a -1.0.

The reason that the slope of the line for lower gas velocities

is different from that observed for ignition in the radiation furnace

and ignition at high gas velocities is that both velocity and the

temperature of the convective gas influence ignitability. The effect

of gas temperature is to rotate the set of data (for a given Mach

number) clockwise and tnat of velocity to rotate a given set of data

counter-clockwise. The net effect is that-for these propellants the

slope of the line which describes a set of data is in qualitative

agreement with that defined by radiation furnace results. It is

thus seen that where gas velocity and gas temperature influence

ignition. the magnitude of their effect on the ignition process will

determine the slope of the straight line which defines the data.

Therefore, the slope of the line can be either greater or less than

a -1.0. In fact it may be found that the data cannot be represented

by a straight line. This will depend on the nature of the dependence

of secondary ignition process on gas velocity and gas temperature.

The implications of these preceding statements are not readily

apparent by examination of the results given by Figures 11 and 12,
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and further clarification is required. This is true because, as already

mentioned, the effects on ignition of both gas temperature and gas

velocity across the propellant surface are encompassed by the individual

sets of data for a given Mach number. The ignition data for pressures

other than 20 to 25 atmospheres have been excluded from Figure 71l b'it

are included in Figure 14 for ignition at Mach 0o13. This wa. not

done because there appears to be a pressure effect on ignition, but

because one of the test variables, mass flow rate, G., in the test

section is strongly dependent on pressure. By exclusion of lower

pressures there is a continuous range of variables from left to right

(from low to high surface heat fluxes) for each set of data given by

Figures 11 and 12. The range of these variables is summarized by

Figure 15. Here the first set of numbero corresponds to low heat fluxes

and the second set to high heat fluxes,

It is seen from the data of Figure 15, which were taken from

Table 3, that heat flux increases continuously with an increase in

both gas velocity and gas temperature for a given Mach number when the

test pressure is not a variable. The effect of velocit is to lengthen

ignition time and that of gas temperature is to shorten ignition time

for a given surface heat flux. It is not possible to detect an effect

of mass flow rate, G. on ignition time, other than its influence,

accounted for in computing F, on the total heat transfer process from

the hot, convet-tive gases0 The mass flow rate which is included in

Reynolds aumber for the fluid stream defines the form and the thickness
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Figure 15

Range of Experimental Variables for Data Presented in Figures ii and 12

Temperature of Velocity of Mass Flow Rate
Mach No.a Convective Gas, Convective Gas, in Test Section,

Tg, (OK) U. (m/(sec)) G, (g/(cm)2 (sec))

0.13 1000 - 2000 90 - 115 70 - 45

0.20 1000 - 2000 130 - 165 100 - 70

0.28 1000 - 1800 185 - 235 130 - 95

1.0 1500 - 1900 720 - 805 160 - 140

aMach Number at test position is only a function of area ratio.

of the wall boundary layer. But again any relationship between boundary

layer thickness and propellant ignition is not evident, and such an

effect if it existed could not be separated from the effects of other

variables in this study. Other experiments would be required to

define the influence of boundary layer thickness on ignition. One

indication that there is no effect on ignition of mass flow rate is

that ignition data for lower test pressures, as shown by Figure 14,

are well defined by the same line which describes the data for higher

pressures. If, however, it were assumed that there was an effect of

mass flow rate on ignition, then a pressure effect equal in magnitude,

but opposite in direction, would be required to give the observed

correlation. Without some other form of def:.aitive experimental evidence,

we must conclude that pressure and mass flow rate do not influence

the ignition process as we describe it.
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Figure 14 presents all the data on F-propellant ignition for a

gas velocity of Mach 0.13 in the test section. These data are

presented in the conventional manner. An (F) versus 1n (ti)l/2.

This figure also shows data for lower test pressures (14 to 18

atmospheres) as well as those already given by Figure llo The

ignition data. for lower pressures, as shown by Figure 14, cannot

be separated from thoae at higher pressures (20 to 25 atmospheres).

Since externally aop Iled. heat flux is directly related to gas tempera-

ta.e and gas press,-re, it was not possible to obtain experimental

ignition data at test pressures lower than 1L4 atmospheres because

of the test-time liritation in the shock tube. Because of the lower

heat fluxes for lower operating pressures, heating of t.he propel-

lant sample was terminated by the arrival of tiae reflected rare-

faction wave or mixing of cold driver gas witri the hot test gas

before the propel.anc surface cc1lld be brought to its ignition

temperature.

Data from six batches of F.-propellaxit are included in the data

of Figure 14. Precautions were taken to produce uniformly mixed

propellants, 'but it is well known by those who process propelLants

that rigid quality control is required to process composite propellants

with consistent burning rates. For ignition variations in processing

procedures have no apparent effect on the ignitability of a given

propellant composition.

Assuming there are no effects which I.nfluence propellant ignition

other than gas velocity, gas temperature, and externally applied heat

flux., it should be possible to separate the temperatze effect for the
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data given by Figure 11, if t'e effect is the same for Mach numbers

of 0o13, 0.20. and 0.28. The velocity effect can be removed by

adjusting all data to the line which describes the Mach 1.0 results,

and then by m-nipulating the data to give a slope of -0.92 it should

be possible to uncover the effect of gas tenroerature cn igniticn.

Incidentally, it is observed that the vel.ocity effect !an ,e sub-

stantlally removed from the data given by Figure 11 if (t1 )/2 is

divided by a factor (U/T.,)O25 where t is a fictitious threshold

velocity having a value of about 400 meters/sec ond. Thi: arithmetic

analysis has not been carried out for the data given by FE.lgxe 11,

since the result would only apply to this or a very similar pro-

pellant system and the answer would not be universally applicable.

However. for those who have need for such Information for designing

a rocket ignition system9 such analysis would yield an excellent

approximation for engineering applIcations. A word of caution is

required. however, since these data are for a cut propellant surface

and igni.tion behavior for a cast propellant surface of the same pro-

pellant composition might be different. Other aspects of surface

properties will be discussed in a later section.

Finally. for the experimental data at each Mach number for pro-

pellants having similar thermophysical prcperties (P p) and the same

initial temperature (T 0 ), the ignition time can be expressed. by the

equation of the stiaight line which defines the data on an An (F)

versus 2n (t, ).1 / 2 piot*

(t : )/2 = Ci(F)n (27)
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For those cases where the slope, n, has a value of -1.0, ignition

characteristics of propellants can be compared directly in terms of

the coefficient9 C.. The data of Figure 11 can then be defined by1

the following expressions:

at Mach 0.13:

(ti)1/2 = 159/f (28a)

at Mach 0.20:

(t )l/2 = 192/F (28b)

at Mach 0.28.

(ti)l/2 = 213/F (28c)
, 2"

Where is in milliseconds and F has the units of cal/cm) (sec).

These simplified expressions provide a means for comparing ignition

data at, a given test-section Mach number for propellants which have

similax thermophysical properties and under test conditions where

secondary ignition reactions are important. Under this condition

ignition time cannot be expressed by Equation (9) for simple thermal

igni tiono

The ignition data on F-prcpellant obtained in the radiation

furnace and for corvective heating when secondary ignition reactions

are not important (simple thermal ignition) can also be represented

by a simplified expression:

)1/2 = 17 °0/ '() 0 9 2 (29)
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To briefly summartze the main points in the foregoing discussion,

it appears that two-dimensional heating of surface imperfections and

its associated effects, which include heterogeneous-surface and gao-

phase secondary ignition reactions, provide additional heat flux to

bring the propellant surface more quickly to its ignition temp':atureo

These effects are dependent on gas velocity and gas temperat,:r'eo At

high gas velocities these secondary chemical reactions are no longer

important, and propellant ignition is determined only by the externally

applied heat flux and the key ignition reaction. Additionally the

slope of the line which defines the data for law gas velocities on

a in (F) versus in (ti)1/2 plot is also dependent on gas velocity

and gas temperature.

At higher gas velocities this observation Is no longer valid

and experimental data obtained by convective heating are in excellent

agreement with low-flux data obtained in a radiation furnace under

carefully controlled experimental conditions. It should be pointed

out that when secondary ignition reactions contribute energy for

heating the propellant surfacey the externally applied heat flux

calculated by the method dlescribed previously does not represent the

total heat flux at the propellant surface. but the values reported

are an excellent approximation to the amount transferred from the

hot gas. This is true since the heat is transferred at a rate pro-

portional to the difference between gas and surface temperatures and

the propellant surface temperature rise brought about by the aid of

secondary ignition reactions is small compared to the gas-surface

difference.
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Effect of Secondary Ignition Reactions at Low Gas Velocities. The

results discussed here are for test gas Mach numbers of 0.07

and 0.09 corresponding to actual gas velocities of approximately 50

and 65 m/(sec), respectively. (Because of heat flux-test time limi-

tations in the shock-tube apparatus, propellant samples could not be

ignited at lower gas velocities.) The results of these ignition

experiments at low gas velocities for F-propellant are given by

Figure 10 and the data are tabulated in Table 3. Data for all test

pressures which range from 14 to 25 atmospheres are included in this

figure, but are not specifically identified. The results at low gas

velocities are compared with those obtained at Mach 0.13.

It is seen that a decrease in test gas velocity to Mach 0.09

further increases the ignitability of F-propellant. At a lower gas

velocity, Mach 0.07, no further improvement in ignitability is

observed. For the results at lower gas velocities, the incremental

change in Mach number is much less than at the higher velocities,

thus the relative separation for each set of data would be expected

to be less. Because of the large amount of scatter in experimental

data for tests at Mach 0.07 and the limited range of heat fluxes

that could be investigated, it is not possible to define these results

by a straight line on the in (F) versus in (ti)l/2 plot. Experimental

data for Mach 0.09 and 0.07 are presented in separate graphs in Figures

16 and 17, respectively. The experimental data for Mach 0.09 are

defined on the In (F) versus in (ti )l/2 plot by:

(t 1)1/2 = 144-/P (28d)
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Figure 16

Ignition Data for F-Propellant in Nitrogen at a Test-Gas Velocity
of Mach 0.09 for Pressures of 20 t, 25 Atmospheres.
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Ignition Data for F-Propellant in Nitrogen at a Test-Gas
Velocity of Mach 0.07 for Pressures of 14 to 25 Atmospheres.
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compared to the data at Mach 0.13 which are represented by:

(ti)1/2 = 159/F (28a)

The reason for the large amount of scatter in experimental data

at Mach 0.07 is not known; however, much o' the scatter appears to

be caused by surface imperfections. Also, it was observed (see

Figure 68 on temperature-time data from heat-flux gauges, that some

small fluctuations in temperature occurred during runs at Mach 0.07

that were not observed at higher Mach numbers. This is apparently

associated with the heat transfer mechanism in the entrance region

of the test section at low gas velocities and is not fully understood.

It is also possible that at low gas velocities thermal ignition of

two-dimensionally heated individual crystals is possible. If this

were true, even fairly small variations in surface roughness would

have a large effect on ignitability at low velocities. Further

studies will be required to resolve this problem.

The fact that no further improvement in propellant ignitability

occur.red for the lower gas velocity (Mach 0.07) indicates that at

lower convective heating rates with this propellant, secondary reactions

are limited by the rate at which reactive species are generated in con-

trast to limiting conditions at higher gas velocities where these

reactions are limited by dilution of reactive species.

It is noted from the data of Table 3 that F-propellant was not

ignited when the convective gas temperature was lower than about

1000 0K. Calculated results indicate this was not a true gas temperature

effect, but was the result of test limitations in the shock tube. At
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low gas temperatures the test time in the shock tube was insufficiently

long to bring the propellant surface to its ignition temperature.

This can be seen by noting the calculated propellant surface tempera-

tures at which the test period was terminated and comparing these

values to surface temperatures of propellants which ignited under

the same gas velocities (Table 3). There is some experimental scatter

among these data, but all of the propellants which did not ignite had

surface temperatures in the same range or lower than those which did

ignite. It would be of interest to pursue the effect of gas tempera-

ture to very low temperatures, perhaps 500 or 6000K, to see if secondary

chemical reactions still contribute energy to the ignition process

with convective heating. It would appear that at low gas temperatures,

surface reactions would not be important and propellant ignition

times would be in agreement with radiation furnace results for a given

externally applied heat flux.

IGhITION IN ARGON

With a monatomic gas such as argon, higher gas temperatures can

be obtained for a given incident Mach number in the shock tube than

for nitrogen. This was important in the work described here because

the higher gas temperature could be attained without a trade-off in

test time, and, as mentioned earlier, the gas temperature could be

varied independently of the test pressure (P) and gas velocity (U).

The relationship between the mean surface heat flux (F) and gas

temperature (T ) for ignition of F-propellant in argon and nit'i gen

is shown graphically by Figure 18 for gas velocities of Mach 0.13
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Figure 18

Variation of Surface Heat Flux with Gas Temperature for Ignition of
F-Propellant at Pressures of 20 to 25 Atmospheres in Nitrogen and
Argon at a Test-Gas Velocity of Mach 0.13.
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through the test section and by Figure 19 for Mach 0.27 in argon and

Mach 0.28 in nitrogen. The data for preparing these graphs were

taken directly from tables of ignition data, Table 3 for ignition in

nitrogen and Table 5 for ignition in argon. It should be noted that

the temperature behind the reflected shock wave in a shock tube cannot

be calculated precisely. (The method used for calculating the tempera-

ture behind a reflected shock wave in this work is described in

Appendix C.) This does not preclude the use of a calculated gas

temperature for determining the externally applied heat flux to a

propellant surface, if local heat transfer coefficients are measured

at the test position, but it does limit the usefulness of this tempera-

ture for estimating the effect of gas temperature on the ignition

process.

Experimental data for ignition of F-propellant (Batch F-32) in

argon are given in Table 5 and are presented graphically in Figure 20

in the form of an Ln (P) versus in (ti)1/2 plot. The data are for

test gas velocities of Mach 0.13 and 0.27 and convective heat fluxes

of 20 to 95 cal/(cm) 2(sec). The ignition results on F-propellant in

nitrogen are represented in Figure 20 by a solid line for tests at

Mach 0.28 and by a dashed line for tests at Mach 0.13. The individual

data points for ignition of Batch F-32 at Mach 0.13 in nitrogen are

included in Figure 20 for comparison with data obtained in argon.

There is some scatter among the ignition data for tests in argon

which precludes fitting a straight line to the data. However, the

data 2or tests in argon are sufficiently consistent to show that the

ignition of F-propellant is eJffected by gas temperature at r2-'atively
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Variation of Surface Heat Flux with Gas Temperature for Ignition of
F-Propellant at Pressures of 20 to 25 Atmospheres in Nitrogen at
Mach 0.28 and in Argon at Mach 0.27.
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Figure 20

Ignition Data for F-Propellant (Batch F-32) in Argon for Pressures of

20 to 25 Atmospheres. (A Comparison of Ignition Results in Argon and

Nitrogen.)
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low gas velocities. Except for tests at low heat fluxes, the data

show a larger difference in ignition times for runs in argon and

nitrogen at the highest heat fluxes, test conditions under which the

temperature difference is also greater. Consequently, the best

straight line representing the data in argon would have a slope with

an absolute value greater than 1.0. This is in accordance with an

earlier observation that if ignition times are compared at the same

gas velocities for propellants with rough surfaces, the effect of

increasing gas temperature at a given externally applied heo.t flux

should be a shortening of ignition time.

Because the temperature of the convective gas was found to alter

the ignition characteristics of F-propellant, it was concluded that

secondary ignition reactions, either gas-phase or heterogeneous-

surface reactions, participate in the ignition proQess at relatively

low gas velocities. These secondary ignition reactions contribute

energy for bringing the propellant surface more rapidly to its ig-

nition temperature. The gas-temperature effect on ignition is only

important when propellants have surface imperfections, for it was

found in ignition experiments on propellants with very smooth surfaces

that the effect of gas temperature on ignition was almost negligible.

The large amount of scatter among the experimental data for

tests in argon also appears to be related to surface imperfections.

For test in argon on propellants with smoother surfaces which will be

discussed in a later section, the experimental data were much more

consistent than those obtained on F-propellant. It would b( expected,
4
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based on the results of ignition tests at Mach 1.0 in nitrogen, that

even for a propellant with a rough surface, the effect of gas tempera-

ture on ignition would diminish with an increase in gas velocity; and

at some threshold velocity, variations in gas temperature would no

longer affect the ignition process. The ignition data on F-propellant

in argon were not obtained over a sufficiently wide range of gas

velocities to obsern-' a decrease in the effect of gas temperature.

IGNITION IN AIR

Ignition runs on F-propellant in air were made at a gas velocity

of Mach 0.13 for convective heat fluxes of 30 to 70 cal/(cm)2 (sec).

Baer [6], McCune [67], Kling, et al. [55], Bastress, et al. [10],

and Hermance, et al. [43] had previously studied the ignition of

composite propellants in convective heating experiments using reactive

test gases, and found that propellants ignite much faster in oxygen

than in air or nitrogen. The propellants studied by Baer and McCune

had essentially the same ignition characteristics in air and nitrogen.

However, all of the propellants tested by Baer and McCune contained a

relatively fine particle-size oxidant that fac'ilitated the preparation

of fairly smooth surfaces.

In the study made for this thesis on ignition of F-propellant in

air, it was found that ignition times were faster in air than in nitro-

gen for equivalent applied heat fluxes. Ignition data for F-propellant

in air at Mach 0.13 are tabulated in Table 6 and are presented in the

form of in (P) versus in (ti)1/2 by Figure 21. The ignition results

in nitrogen at Mach 0.13 are represented by the dashed line in Figure 21.
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Ignition Data for F-Propellant in Air for a Test-Gas Velocity of
Mach 0.13 for Pressures of 14 to 25 Atmospheres. (A comparison of
Ignition Results in Air and Nitrogen.)
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The data for ignition at Mach 0.13 in nitrogen and air, respectively,

are represented by the following equations:

(t_)l/2 - 159/p (28a)

(ti)1/2: 143/F (30)

Where F has the units of cal/(cm)2 (sec) and t. is in milliseconds.
1

From this result, it appears that the oxygen in the air partici-

pated in the secnndary ignition process, increasing the exothermicity

of the reaction process, which helped bring the propellant surface

to its ignition temperature in a shorter period of time. This

result is in agreement with our earlier supposition that the ignit-

ability of propellants with rough surfaces should be improved through

exothermic reactions between the environmental gas and reactive

species generated at the surface.

McCune [671 has shown that for higher gas velocities (about Mach

0.3) and for propellants with fairly smooth surfaces that even pure

oxygen does not have a large effect on ignition. In another section,

the ignition of propellants in reactive gases is discussed in more

detail, and it is shown that for propellants with smooth surfaces,

even at rather low gas velocities, high-temperature oxygen does not

affect the ignitability of ammonium perchlorate propellants.

HIGH-SPEED MOTION PICTURE STUDIES OF F-PROPELLANT IGNITION

As a means of determining where on the propellant surface ignition

was initiated in terms o.2 une development of a luminous flame and also

to observe the ignition process with respect to possible clues as to

- ----. ~.- _
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the ignition mechanism, several ignition tests were observed by

photographing the propellant surface with a Fastaxo high-speed,

motion picture camera These studies were also conducted as a check

on the validity of photocell measurements as a means of detecting

ignition. For these runs film speeds of 2200 to 4700 frames pr:

second were used.

The results of this study showed that at low gas velocities,

Mach 013, across the propellant surface, ignition occurred at one

or more positions on the propellant surface, and then spread rapidly

across the surface. Ignition at low-gas velocities. in tests photo-

graphed, was always initiated at the center cr at the trailing edge

of the sample which had a circular cross-section of 3/8-ino diameter.

Because of entrance effects in the short test section, beat transfer

should be higher at the leading edge of the sample0 The reason that

ignition occurs at the trailing edge may be due to the fact that the

boundary layer is colder at the leading edge from flow of the hoT.

gases over the metal wall in the entrance region of the test section.,

This explanation could be checked by making the entrance to the tes,

section of material having thermophysice"I properties similar to that

of the propellant. Bastress [10] noted a siwilar effect, and when

longer samples were used ignition time was somewhat less and the

effect of gas velocity was not as pronounced0 These observations may

also suggest that the boundary layer is changing its form bec-ause of

surface roughness. However. the same effect was observed for both

F-propellant with very large particle-size animonium perchlorate
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(200 micron) and for propellants AD and AE with a finer particle-size

ammonium perchlorate (85 micron). In fact for the propellants con-

taining the smaller particle-size ammonium perchlorate, ignition in

all tests photographed occurred close to the trailing edge.

Prints from one of the high-speed motion picture films taken

during ignition of F-propellant are shown by Figure 22. The ten frames

shown are for the two-millisecond period beginning with the appearance

of a luminous zone on the propellant surface. This test was conducted

in air with a gas velocity in the test section of about 100 m/(sec),

Mach 0.13. For these prints the leading edge of the sample is at the

top. The pressure in the test section was about 20 atmospheres, the

gas temperature was 18000 K, and the externally applied surface heat

flux was approximately 50 cal/(cm) 2(sec). Ignition time was less than

10 milliseconds. These photographs were taken through a quartz window

opposite the propellant test position and are views of the entire

propellant surface. Since no external lighting was used, surface

details are not visible. It is interesting to note the number of

positions on the surface at which ignition occurred.

Figure 23 shows photographs of ignition of F-propellant at a

higher gas velocity (Mach 0.28). For these photographs the leading

edge is at the bottom. In this test tne gas temperature was 16000K

and the mean surface flux was about 80 cal/(cm) 2(sec). Ignition

time was approximately 6 millisecondE.

Prints of high-speed photographs for ignition of F-propellant

at Mach 1.0 are shown by Figure 24. For this run the gas temperature
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1 10 1.32 1-54. 1.76 1.98 msec.

Figure 22

Photographs of F-Propellant Ignition in Air at a Test-Gas Velocity of
Mach 0,13. Run No. 47-15-3, Propellant F-62M Gas Temperature:
1800 'OK, Mean Surface Heat Flux: 50 cal/(cm) (sec), Film Speed: 4i600
frames /(sec). The Leading Edge is at '(he Top of Prints.
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0.0 0.22 o1.44 o.66 0.88 insec.

1.10 1.32 1,54 1.76 1.98 msec.

Figure 23

Photographs of F-Propellant Ignition in Air at a Test-Gas Velocity of
Mach 0.28. Run No. 4 7-23-4, Propellant F-62M, Gas Temperature: 16000K,
Mean Surface Heat Flux: 80 cal/( cm) 2 (sec); Film Speed: 4i600 frames/(sec).
The Leading Edge is at the Bottom of Prints.

~ ,-~.
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Figure 24

Photographs of F-Propellant Ignition in Air at a Test-Gas Veloci-Gy of
Mach 1.0. Run No. 47-16-3, Propellant 1-62M, Gas Temperature, 18000K
Mean Surface Heat Flux: 130 cal/( cm)2 (sec), Film Speed., 4600 frames/(sec).
The Leading Edge is at the Bottom of Prints.
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was 18000K and the mean surface heat flux was about 130 cal/(cm) 2(sec).

Ignition occurred within 5 milliseconds under these conditions. The

leading edge of the sample is at the bottom of the photograph.

Because of the high gas velocity, the flame zone is extremely thin

and it is possible to see on some of the frames small hot spots which

appear to be burning particles of ammonium perchlorate. Again, as

was the case for lower gas velocities, ignition occurred near the

center of the propellant sample. It was found that for all tests at

Mach 1.0. propellant burning was' always extinguished when the cold

drivpe' gas entered the test section. This occurred after 5 milli-

seconds for the test described here. Extinguishment of the deflag-

ration process is to be expected since the exothermic decomposition

of t,..nmonium perchlorate alone canndt provide sufficient energy to

sustain steady deflagration of the propellant under these conditions

without energy feedback from gas-phase or surface reactions. Since

reactive gaseous species are swept away by the high velocity gas,

external application of energy is required. It was found for some of

the tests at Mach 1.0 that a small flame was statilized downstream

of the leading edge of the sample holder on the propellant surface

and continued to burn locally after cold gases moved into the test

section.

Samples of F-propellant which were recovered from tests at high

gas velocities, when burning was quenched by the flow of cold driver

gases into the -test section, showed that large particles of ammonium

perchlorate protruded above the surface in the d..ustream region with

only a slight change in the appearance of the surface near the leading
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edge. Photomicrographs of a propellant surface after a test at Mach

10 are shown by Figure 25- Photortcrographs of a freshly cut surface

are shown by Figure 8.

The fact that large ammonium perchaforate particles were exposed

at the surface during tests at higb gas eoci.ties (Macb loO) -ndicate,

that at least a quasi-steady deflagration process was irnitiated at.

the surface before being quenched by the arrival of cold driver gases

at the test position. Substantial changes of the propellant surface.

as shown by Figure 25, were found on recovered samples only when a

strong photocell signal was observed during an ignition test.

SUW4AR

The most significant result obtained from the study on ignition

of F-propellant under convective heating was that only for very high

gas velocities across the propellant can the ignition process be

described as simple thermal ignition. Under this test condition

ignition characteristics of F-propellant under convectivre heating can

be compexed directly with those for ignition cf F-propellant under low

radiant fluxes. At low gas velocities this propellant st ill ignites

thermally. but some of the energ for bringing the propellant to its

thermal ignition temperature is supplied by secondary ignition

reactions. As a consequence. F-propellant is easier to ig ate by

convective, heating under low gas velocities than at very high gas

velocities. It is shown that this improved ignitability at low gas

velo.nities can be related to the surface characteristics of the pro-

pellant sample,
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a. 5X Magnification b. lOX Magnification

Figure 25

Photomicrographs of the Surface on a Sample of F-Propellant
Recovered from an ignition Test in Nitrogen at a Test-Gas
Velocity of Mach 1.0. Run No. 43-19-1, Gas Temperature:
15000K, Mean Surface Heat Flux: 115 cal/(cm)2(sec),
Leading Edge at Left.
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Surface imperfections are produced during the preparation of

samples for ignition tests if large particles of ammonium perchlorate

(greater than about 50 microns in diameter) are present in the

propellant The magnitude of this surface roughness increases with

the size of the ammonium perchlorate particles in the propellant.

At low gas velocities across the propellant surface., prucesses

associated with these surface imperfections provide energy in addition

to that supplied externally by one-dimensional heat transfer from the

hot test gas. Consequently, the surface temperature of the propellant

increases more rapidly than one calculates for one-dimensional heating.

Some of the additional heating occurs by heat conduction from surface

imperfections which have been heated two-dimensionally However, the

greater part of the additional heating comes from secondary ignition

reactions. By two-dimensional heating of surface imperfections,

reactive species generated at local hot spots on the surface react

in the gas phase or heterogeneously at the propellant surface to

supply energy for heating the propellant surface.

At higher gas velocities these effects which are attributable

to exothermic reactions become less important, as the reactive species

that participate in these reactions are swept away in the inert gas

stream. Also, surface heating which occurs through heat conduction

from two-dimensionally heated surface imperfections appears to be less

important at high gas velocities. In short, high velocity erases the

two-dimensional effect due to surface roughness, prov'iding, in effect,

the one-dimensional situation of a smooth surface.

- --...I- -
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If a gas-phase reaction were the key process in the ignition of

ammonium perchlorate propellant, such as F-propellant, one would also

expect the velocity of the test gases to influence ignition. However,

contrary to the above observations, one would then expect the ignition

delay to increase continually with gas velocity until some threshold

velocity were reached beyond which no ignition would occur, Such an

effect is observed in the ignition of double-base propellants where

gas-phase processes are known to be important. In the ignition studies

made by Churchil K'uggel, and Brier [24] on double-base propellants

under convective heating., ignition was observed to take place in the

gas phase with subsequent flashback of the flame to the propellant

surface. Prior to ignition. Churchill and coworkers observed etching

of the cylindrice,. propellant grain under the influence of the con-

vective gas, and in s.me studies the propellant decomposed completely

without. the appearance of a flame. The decomposition of the propellant

grains withcut apparent ignition occurred at high gas flow rates and

low gas temperatures. Unpublished results at the University of Utah

have sheown that., under high convective heat fluxes in a shock tube some

double-base propellants cannot be ignited, but examination of the sur-

face of the propellant sample after a test always showed considerable

surface regression.

From the results of work on the ignition of F-propellant and

other ammonium perchlorate propellants conducted for this thesis, it

was found that all observed ignition phenomena could be explained by

thermal ignition theory. On the other hand, if it were assumed that

W"_~0
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the key ignition process involved gas-phase or heterogeneous-surface

reactions, it would be impossible to provide a consistent explanation

of the observed ignition characteristics of composite propellants f zw

tests under different 'environmental conditions.



CHAPTER VI

IGNITION OF OTHER CAST PROPELLANTS

The studies on propellant ignition described in this chapter

were conducted primarily to investigate the effect of compositional

variables on ignition. These studies also provided the information

necessary to verify our earlier hypothesis that the improved ignit-

ability of some propellants at low-gas velocities was linked with

imperfections at the propellant surface, and provided information

about the role of secondary ignition reactions in the thermal

ignition process.

IGNITION OF PROPELLANTS CONTAINING COPPER CHROMITE

The studies on propellants containing copper chromite included

an investigation of the effect on ignition of: (1) particle-size

distribution of ammonium perchlorate in a bimodal blend, (2) concen-

tration of ammonium perchlorate, and (3) different single particle-

size cuts of ammonium perchlorate in the propellant.

Ignition of Modified F-Propellant

The "modified" F-propellant was different from what we previously

have called "regular" F-propellant in that a new lot of 15-micron

ammonium perchlorate was used in the bimodal mixture in making the

modified propellant It was found that after cure the modified pro-

pellant was softer than the regular propellant, and consequently, it

- 125 -
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was more difficult to cut smooth surfaces on it. The effect of

increased surface roughness was to improve the ignitability of this

propellant over that for regular F-propellant at low test-gas velccities.

This was additional evidence for associating improved ignitability of

propellants with surface imperfections.

The lot of 15-micron ammonium perchlorate used in the regular

F-propellant was obtained from Thiokol Chemical Corporation, Brigham

City., Utah. This fine particle-size amonium perchlorate was apparently

made by grinding a much coarser material, then screening the ground

material to obtain a 15-micron cut. The new lot of 15-micron ammonium

perchlorate that was used in the modified propellant was obtained from

American Potash and Chemical Corporaticn. A careful microscopic

particle-size analysis of the two lots of perchlorate revealed that

both lots had a similar particle-size distribution. The only apparent

difference in physical appearance between the two lots was that the

perchlorate obtained from American Potash and Chemical Corporation

was more bulky and the small particles were clustered in soft

agglomerates. It appeared that the clustering of particles was pro-

duced by an electrostatic effect and was not due to caking, for the

agglomerates could be dispersed rather easily.

Upon comparing cut surfaces for the two propellants microscopi-

cally, it was found that surfaces on the modified propellant were

much rougher than. those on regular F-propellant The surface rough-

ness of the modified propellant was estimated to be of the order of

30 to 40 microns as compared to a surface roughness of about 20 to 30

microns for regular F-propellant. The modified propellant was softer,
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and the fine particles were not held as firmly in the propellant

matrix as they were in the regular propellant. During the cutting

of new surfaces on modified F-propellant, it was noticed that some of

the large particles in the propellant matrix (average diameter of

about 200 microns) were raised and rotated a small amount as the

cutting edge of the razor blade was moved through the propellant.

This produced a rougher surface and a larger number of fractured

particles.

At low gas velocities in nitrogen, modified F-propellant ignited

faster than regular F-propellant at equivalent externally applied heat

fluxes. However, ignition characteristics of the two propellants were

identical at Mach 1.0. The experimental ignition data for modified

F-propellant are included in Table 3 with data for the regular F-

propellant and are identified by an "M" following the batch number.

The data for gas velocities of Mach 1.0, 0.28, and 0.13 are presented

graphically by Figure 26. The results for regular F-propellant at

gas velocities of Mach 0.13 and 0.28 are shown in Figure 26 by the

dashed lines which represent the data given by Figure 11. The ignition

of modified F-propellant at lower gas velocities, Mach 0.09 and 0.07,

are given in Figure 27.

As was the case for regular F-propellant, the slopes of the lines

which defined ignition data for modified F-propellant at low gas

velocities on an In (F) versus In (ti)l/2 plot were assumed to have

values of -1.0. The results on ignition of these two propellants are

compared by Figure 28 as a tabulation of coefficients in the equations
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Symbol Pressure, (Atm) MU Notes
0 20-25 0.13
* 14-18 0.13

20-25 0.28
£ 14-18 0.28
* 22 0.28 in air
o 20-25 1.0
* 20-25 1.0 Regular F-prop.

20-25 0.28 Regular [:-prop.
14-25 0.13 Regular F-prop.

5.0 V_____

"3 \k Simple thermal ignition

4.0 - -of F-PropellgntE

v\j

00

3.0 ,-x

2.0 \ ,7

1.51 _....--

30 40 50 60 70 80 90 100 150
IF, [cal/cm)'(sec)]

Figure 26

Ignition Data for Modified F-Propellant in Nitrogen at Intermediate
and High Gas Velocities for Pressures of 14 to 25 Atmospheres.
(A Comparison of Ignition Results with Those for Regular F-Propellant.)

:7;;= 

*
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8.0 - -
/ .0 -- ... ..... ....

6,0

.0 _ \\ i_(t~,~I~) 59/K, Eq. (28a)

I4 *I
0 .0\

NI
3,0

2 .0 . . .. ... . .-

Symbol Mt.

A 0.07
* 0.09
0 0,13

--- 0.132

Note: Regular F- Propellant
140 .. ....-

20 30 40 50 60 70 80 90

F. [Cal/(cm) 2(se)1

Figure 27

Ignition Data for Modified F-Propellant in Nitrogen at Low Gas
Velocities for Pressures of 14 to 25 Atmospheres.
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for the straight lines that represent the ignition data, Equation 27,

on a graph of In (P) versus in (t1 )1/2 for gas velocities of 0.09,

0.13, and 0.28.

Figure 28

Comparison of Ignition Results in Nitrogen for
Regular and Modified F-Propellant

Coefficient, C,, defined by Equation (27)a

Mach No. Regular Modified
(Mts) F-Propellant F-Propellant

0.28 213 179

0.13 159 144

0.09 144 129

a (ti)l/2= Ci(p)n (27)

Where t. is in milliseconds and P has the units cal/(cm)2 (sec).

Although it was found that modified F-propellant ignited faster

in tests at Mach 0.28, 0.13, and 0.09 than the regular propellant,

this propellant was difficult to ignite at Mach 0.07. Three ignition

runs were made at Mach 0.07 on the modified propellant at heat flux

levels that ignited regular F-propellant. Out of the three samples,

only one ignited, and it ignited in a much shorter time than did the

regular propellant under similar test conditions. This data point is

included with other ignition data for low Mach numbers in Figure 27.

It vas expected that the modified propellant, because of its greater

surface roughness, would have ignited faster and more consistently
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at all heat fluxes at low gas veloc.'ties. Additional experiments

will be required to establish the ignition characteristics of the

modified propellant at very low gas velocities

The Effect of Particle-Size Distribution and Loading of -Axmonium Perchlorate

In an early phase of the study on propellant ignition, two pro-

pellants were processed for the purpose of assessing the effect on

ignition of varying the ratio of coarse and fine particle sizes of

ammonium perchlorate, and the total loading of ammonium perchlorate

(percentage of ammonium perchlorate) in the propellant. These two

propellants were similar to regular F-propellant in that the same

ingredients were used, but were incorporated into the propellant in

different proportions (see Table 2). Propellant 0 had the same

loading of ammonium perchlorate but the ratio of 15-micron to 200-

micron perchlorate was 3:1 in place of the 1:1 ratio used in F-

propellant. Propellant P had an oxidizer loading of 75 per cent

with the same particle-size distribution as that in F-propellant.

This last propellant was made to investigate the effect of oxidizer

loading on ignition and to provide a standard for comparing ignition

data for propellants containing only one particle-size cut of ammonium

perchlorate. Propellants with a single particle-size cut were not

castable for loadings of 80 weight per cent ammonium perchlorate.

The experimental data on propellants 0 and P are given in Table 7,

and presented graphically in Figures 29 and 30, respectively. The

data for these propellants show that neither of the compositional

changes affected the ignitability of these propellants relative to the
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8.0 1 I 1

7.0 10- Propellant
Composition (weight percent)

6.0 18.0 Binder
2.0 Copper Chromite

60.0 15-micron AP
20.0 200-micron AP

4.0

& 3.0 . .
(t 1) :205/F

(ti) 157/

2 .0 .....

Symbol Mts Slope

0 0.13 -1.0

* 0.2B -1,0

Simple thermal ignition of
F- Propellant

1.01
30 40 50 60 70 80 90 100 150

F, EcaI/(CM)2 (sec)]

Figure 29

Ignition Data for O-Propellant in Nitrogen for Pressures
of 20 to 25 Atmospheres.
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P -Prope!ant

6,0 Compo rtton (weight percent)

1 23.0 Binder

5.0 . 2.0 Copper Chromite
37.5 200-micron AP
37.5 15-micron AP

' (t.2 :204/PI I

up 3.0-

4tO[ i

(t1 )112 58/r

2.0

Symbol Mts Slope

o 0.13 -1.0

* 0.28 -1.0

Simple thermal ignit:on of F- prop.

1.0
30 40 50 60 70 80 90100 150

F, [,(cm) (sc)

Figure 30

Ignition Data for P-Propellant in Nitrogen for Pressur('e; of
20 to 25 Atmospheres.
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ignition characteristics exhibited by F-propel. ant under the same test

conditions. Again, the slope of the straight line which represents

the experimental data for these two propellants at relatively low

gas velocities is approximately -1.0. The ignition results for pro-

pellants 0 and P are compared by the coefficient, Ci, of Equation (27)

with those for propellant F in Figure 31. Ignition results can be

compared directly in this manner for all the propellants have similar

thermophysical properties (see Table 4).

Figure 31

A Comparison of Ignition Results in Nitrogen for
Propellants F, 0, and P

Propellant F 0 P

Oxidizer level 80 80 75
(weight per cent)

Ratio of 15-micron to 1:1 3:1 1:1
200-micron AP

Coefficient, C, defined by

Equation 27a (for n = -1.0)

Mts = 0.13: 159 157 158

M = 0.28: 213 205 204
ts

a (ti )1/2 = Ci()n (27)

Where ti is in milliseconds and has the units cal/(cm)2 (sec).

It is seen from Figure 31 that the ignition characteristics were

very nearly the same at a given gas velocity for all three propellants.

Although the ignition results for propellants F, 0, and P when plotted
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3/2

in the form of In (F.i versus n (t)1/2 were similar, it was found that

samples of P-propellant with the 75 per cent loading of ammonium per-

.chlorate were sometimes extinguished during tests at Mach 0.28 when

the cold driver ga;, entered the test section. For both propellants F

and 0 some decrease in the intensity of the light signal was observed

for tests at Macb 0.28 when cold gas entered the test section, but

in none of these teszs was the propellant extinguished4 Figure 9c is

anr oscilloscope rec-crd _.cr an ignit.on run with F-propelant at Mach

0o28 showing a cba;ee in light intensity when cold gas begins to flow

thbrough the -test sectlono

Neither propellanv 0 nor propellant P was tested at Iflach 1.0.,

and consequent]ly it is not possible to compare results fL imple

thermea. grit-ion of these propellants. The fact that propellants F,

0, ana P ex'ibited sim.ilar ignition characteristics at relatively low

gas velociti.es indicates that neither the concentration of ammonium

percn.orate in. ihe propellant nor the distribution of particle sizes

affecti .he ignition process. The reason that propellants F, 0., and

P had similar ignition characteristics at Mach 0.28 and 0413 can be

attributed to tb.e presence of the large particle-size ammonium

perchlorateo With even a, few large particles In the propellant, one

cannot cut a siooTb surface since some of the larger particles are

always f.'ractured or some of the particles with their bases near the

surface are pulled from the propellant matrix. These imperfections

provide sites for two-dimensional heating and generation of reactive

species which eventualy contribute heat flux for bringing the propel-

lant surface. at least locally, to its ignition temperature . It is
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shown in the next section that when no large ammonium perchlorate

particles are present, the ignition characteristics at low gas velocities

are very different.

The Effect of Ammonium-Perchlorate Particle Size

It was found in this study that neither gas velocity, gas temperature,

nor oxygen in the test gas affected ignition of propellants containing

only fine particle-size ammonium perchlorateo For U-propellant with

15-micron ammonium perchlorate, the only factor that influenced ignition

was the magnitude of the externally applied heat flux. For all test

conditions U-propellant exhibited ignition characteristics which were

in substantial agreement with those for simple thermal ignition of

F-propellant o

Ignition of Propellants S and U in Nitrogen

Two propellants were processed with different single particle-

size cuts of ammonium perchlorate to determine the effect of particle

size on ignition by convective heat fluxes. Propellants S and U con-

tained single cuts of ammonium perchlorate with average particle

diameters of 85 and. 15 microns. respectively

S-Propellant. Ignition data for S-propellant in nitrogen for gas

velocities of Mach 0o13 and 0.28 are given in Table 8 and are presented

graphically in Figure 32° These data, as were the data for propellants

F, 0. and. P, are well represented on an Xn (P) versus In (ti)I/2 plot

by a straight line with a slope of -l.0o Ignition times for S-,pro-

pellant are in substantial agreement with those observed for propellants
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8.0 Ir ,r'
7.0 I S- Propellant

.Composition (weight percent)

6.0 _23.0 Binder6. 2.0 Copper Chromite

5' __75.0 85-micron AP5.0- 0

0

4.0
0 I

U

0 I 1/2

%E 210/F

.3- 1/2
4:7 (to) :168/F

2.0

Symbol Mts Slope

o 0.13 -1,0

* 0.28-1.0

- - Simple thermal ignition of F- prop.
1.0 .,

30 40 50 60 70 80 90 100 150

F, [cal/(cm)2(sec]

Figure 32

Ignition Data for S-Propellant in Nitrogen for Pressures of
20 to 25 Atmospheres.
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F, 0, and P at equivalent gas velocities and externally applied heat

fluxes. For some runs, as was observed on F-,propellant, samples of

s-propellant were extinguished at Mach 0.28 when cold gases entered

the test section. The surface roughness of S-propellant was estimated

to be of the order of 10 to 15 microns.

U-,Propellanto For U-propellant containing 15-micron ammonium

perchlorate, it was possible to obtain very smooth surfaces on pro-

pellant samples by cutting away the excess propellant with a razor

blade. Figure 33a shows a photomicrograph of a fleshly cut surface

of U-propellant. This can be compared to a cut surface on F-propellant

by Figure 8 a. It was estimated that the surface roughness of a care-

fully prepared sample of Upropellant was of the order of 5 microns0

The igni-c1on data for U-propellant in nitrogen at pressures of 20 to

25 atmospheres are given in Table 9 and are shown graphically in

Figure 34.

Data shown in Figure 34 represent tests on 5 batches of U-propellanto

Of the 5 batches,, batch U-5 had the most uniform distribution of

ammonium. perchlorate particles0 Before mixing., all of the azzmonium

perchlorate was passed through a 270-mesh screen to remove agg.Lor rates

or caked particles -larger than about 50 microns in diameter. No

agglomerates larger than 50 microns were found at a freshly cut sur-

face of propellant U-5.

It is observed by examining -the data given in Figure 34 that

most of the data points for tests at Mach 0.28 and Mach 1o0 fall on or

near the line which represents simple thermal ignition of F-propellant,
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a. Freshly Cut Surface O5X). b. After Ignition Run (5X) 0
Run No- 53-18-2, Test-Gas
Velocity: Mach 1.-- Lead.-
ing Edge of Sample at Right.

Figure 33

Photomlicrographs of Surfaces on Samples of Propellant U-5.
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Propel lant
Symbol Code Mis

KU-4 I.

o U-5 1,0

0 U-1 0.28
e U-2 0.28

eU-4 0.28
7.0 - U-5 0.28

U-2 0.20
6.0 0 U -1 0.13

U-2 0.13
N
- 5.0 l U-4 0.13

U- F 0.13

.4.0 ignition of

j F - Propel !ant.

(t 1)-= 2115/I

3.0 Eq. (31) K---..-

12

2.0

30 40 50 60 70 80 90100 150

F, [calm(cm) 2 (sec)

Figure 34

Ignition Data for U-Propellant in Nitrogen for Pressures
of 20 to 25 Atmospheres.
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and there is no significant effect of gas velocity on ignition as

shown by the concentration of data points for all gas velocities near

the line on the In (P) versus In (t.)1/2 plot defined by the equation

[where ti is in milliseconds and F has the units cal/(cm)2 (sec)]:

(ti)l/2 = 170/(F)0 .92  (29)

All of the data points for tests at Mach 0.13 are below this line and

are represented by:

i 215/(P) (31)

It should be noted, however. as is shown by the data tabulated in

Table 9, that several runs at Mach 0.13 did not produce ignition of

propellant samples because of the heat flux-test time limitation in

the shock tube. The minimum test time at Mach 0.13 was about 25

milliseconds for a heat flux of 40 cal/(cm) 2(sec) and about 15 milli-

seconds for an externally applied heat flux of 60 cal/(cm) 2(sec) as

shown by Figure 35. It appears that several of the samples with

smoothest surfaces did not ignite at Mach 0.13 because of this

limitation. Otherwise, it wouId be expected that some of the data

points for tests at Mach 0.13 would have been near or above the line

defined by Equation (29). Since several samples did not ignite at

Mach 0.13, no tests were conducted on U-propellant at lower gas

velocities., conditions under which test times would not be adequate

to bring the propellant surface to its thermal ignition temperature.

The line which represents ignition of F-propellant at Mach 0.13 is

included on the plot of data for U-propellant in Figure 34 for use

in comparing ignition results for the two propellants.
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70-

50 Simple thermal 'ignition of

40 F-I Propellant, Eq. (29)

30 } -1 1fii-
Orifice No. 3

' (M, 0.13)
20- rifice No, 5

(Mts = 0.07)

U

10 Orifice No.1
EI0 - --- - (Mt, : . 28) -

8s 7 --- ___

6-

5 -Open test-

4 section
(Mts 1.0)

-I-.

2
I t

I I
! II

15 20 30 40 5060 80 100 150 200 300 400

Figure 35

Approximate Test Time in Shock-Tube Apparatus for Various Flow-
Control Orifices Compared with the Heat Flux-Ignition Time Relation-

ship for Simple Thermal Ignition of F-Propellant. (These Results
are for Tests in Nitrogen and for a Driver-Gas Pressure of
Approximately 350 psig.)
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There is also a test-time limitation for tests at Mach 0.28 and

.Lo0 however, the limiting condition is in the area above the line

defined by Equation (29). The approximate total test time in the

shock tube apparatus for various flow-control orifices downstream

of the test section is shown by the graph of Figure 35. For Mach

0.28 the available test time is about 9 milliseconds for an exter-

nally applied heat, flux to the propellant surface of 100 cal/(cm)2

(sec). Since the test time at higher gas velocities (greater than

about Mach 0.20) is determined by the time it takes for the hot gases

tc be exhausted through the test section, this test time can be longer

or shorter than that shown by Figure 35, depending on how well the

contact surface in the driven end of the shock tube is matched for a

given test run. The method used for estimating the length of available

test time for a shock tube run is described in Appendix J.

It was observed during tests on propellant U-5 that ignition was

not produced for some runs at Mach 0.28 and 10., although calculated

ignition temperatures (see Table 9) indicated that temperature of the

propellant surface had reached its thermal ignition temperature, calcu-

lated from Equation (25), before termination of the test period as

defined by the information given in Figure 35, Since some of the

san]p.es did not ignite and others had ignition times slightly longer

than would be expected for the applied heat flux levels, it appears

that cold driver gases were entering the test section sooner than was

expected (based on the information of Figure 35) for some of the runs.

Depending on the amount of cold gas that mixed with the hot gases
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near the end of the run, ignition times were longer than expected or

ignition did not occur.

The 2act that all the ignition data for U-propellant lie near ,e

line which describes imple thermal ignition of F-propellant shows that

when surface imperfections are no longer important in providing two-

dimensional heating, followed by second%.ry ignition reaction-,, the

ignition time for ammonium perchlorate propellants is dependent only

on the magnitude of the externally applied heat flux and the .inetics

of -the key ignition reaction. For a propellant with a smootb surface.

the surface temperature increases primarily under the influence of

externally applied heat flux, ignition characteristics are in sub-

s tantial agreement with -those for ignition by low radian't fluxes. It

is interesting to note that a line with a slope of -0.92 represents

the da'ta for ignition of U-propellant at Mach 0.28 and Mach 1.0.

Summary of Ignition ResuLts on Prcpeilants S and 0 :n Nitrogen

Ignition results for propellants S and U at irnterad'La-te gas

velocities (Mach 0o13 and 0.28) in nitrogen are 2ompared by the

coefficient.s, C, of Equation (27) with those for propediants F, P, hnd S

in Figure 36. All propellants have simill, thermal properties and

tests 'were conducted on samples ha74ing approximatel-y the samie initia.L

temperature (TYo

From the information given by Figure 36, it appears that fgntt-

ability does not improve at relatively low gas velocities as surface

roughness is increased in the range of LO to 30 .icrons. For a greater

surface ro hness (about 30 to 40 microns) as was found on surfaces of
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Figure 36

A Comparison of Ignition Results for Propellants F, P, S, and U
(For Ignition in Nitrogen at Mach 0.13 and 0.28)

Propellant F P S U

Oxidizer Level 80.0 75.0 75.0 75.0
(Weight per cent)

Particle Size

(Weight per cent)

200 micron 40o0 37.5 -

85 micron - 75.0 -

15 micron 40.0 37.5 - 75.0

Estimated surface
roughness (microns) 20-30 20-30 10-15 5

Coefficient, C., defined

by Equation (?7)a

(for n -1.0)

Mts = 013: 159 158 168 215

M = 0.28: 213 204 210 - b
'CS

a (, )1/2 = C (f)n (27)

+ (272

Where t is in milliseconds and f has the units cal/(cm) 2(sec).1

bIgnition results are represented by Equation (29).

modified F-propellant (see Figure 26), ignition times were shorter

for equivalent convective heat fluxes than those observed for pro-

pellants 0, P, and S, and regular F-propellant. For propellants with

smooth surfaces, such as U-propellant, changes in gas velocity do not

significantly alter ignition characteristics of the propellant, and
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data for all gas velocities can be represented by one straight line

on a plot of An (f) versus An (ti)i12o

The results presented here are not conclusive with respect to

the effect of particle size on simple thermal ignition of ammonium

perchlorate propellants. Propellants F and U both contain 15-micron

ammonium perchlorate, and 'as we have shown at high gas velocities

(for simple thermal ignition) both propellants have vey nearly the

same ignition characteristics. This could. mean that the simple

thermal ignition process for these propellants is strongly dependent

on the fine particle-size ammonium perchlorateo However, there is

no evidence from this study that particle size of the annonium per-

chlorate affects the simple thermal ignition process. S-propellant

with a larger, single particle-size of ammonium perchlorate was not

tested at the higher gas velocity (Mach lo0), conditions under which

propellants F and U ignite by a simple thermal ignition process.

Furthei experimental work will be required to fully establish the

effect of particle size on simple thermal ignition, if' such an effect

exists.

The experimental data on U-propellant at. Mach 0.28 and Mach 1.0

and that on F-propellant at Mach LO represent simple thermal igniticn

of ammonium perchlorate propellants containing 2.0 per cent copper

chromite catalyst. The effect on ignition of copper chromite concen-

tration was not studied in the research for this thesis; however,

earlier work by Baer [8] at low radiant heat fluxes showed that

ignitability does not change significantly with a change in the level
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of copper chromite as long as some is present in the propellant. The

effect of catalysts on ignitability of propellants will be discussed

in greater detail in another section.

As a final observation on the results reported in this section

it was shown that the ignitability of propellants cannot be related

to their steadV-tate burning rates. U-propellant had the highest

burning rate of' the propellants tested (see data given by Table 10);

however. when ignition results for different propellants are compared

at conditions under which propellants ignite by simple thermal ignition

(compare ignition results of U-propellant with those of F-propellant

at high gas velocities) there are no significant differences in ignition

characteristics.

To summarize the information presented in this sectiun, it is

seen that particle size of ammonium perchlorate per se does not appear

to affect the simple thermal ignition process of propellants containing

ammonium perchlorate, but the ignition characteristics of these pro-

pellants at lower test-gas velocities are modified by the nature and

size of surface imperfections which are produced at the surface during

preparation of samples for tests. The surface roughness is related to

the size of the particles in the propellant in that when larger particles

are present, more surface imperfections are created by fracturing of

l.arge particles and the pulling of some of the particles from the pro-

pellant matrix. Two-dimensional heating at these imperfections

generates reactive species which undergo further exothermic reactions

at the propellant surface or in the gas phase near the surface and
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supply part of the heat flux for bringing the propellant to its thermal

ignition temperature.

Ignition of U-Propellant in Argon and Oxygen

Description of Experimental Data. Ignition tests were made in

high-temperature argon and oxygen to provide data which coula be used

for critically evaluating the ignition process for ammonium perchlorate

propellants. It had already been shown 'by the results described in

the last section that for propellants with smooth surfaces, ignition

time was a function only of the initial uniform propellant temperature

and the magnitude of the externally applied heat flux to the propel-

lant when nitrogen was used as the test gas. From th-is earlier work

it was apparent that if the tenmperature of the :onvective gas or oxygen

in tne test gas did not influence the ignition of U-propellant, it

could be concluded that the basic ignilion process for ammonium per-

chlorate propellants is simple thermal Ignition.

Ignition tests were made on propel2ant U-4 in argon and on pro-

pellant U-5 in pure oxygen. Ignition data obtained in these gases

are given in Table 11. Data for runs with argon at gas velocities of

Mach 0o13 and 0.27 are compared with all the data obtained in nitrogen

by the Xn (F) versus In (t,)l/2 pot of Figure 37. Ignition data for

propellant U-5 in pure oxygen at gas velocitiles of Mach 0.28 and 1.0

are compared with data obtained in nitrogen In Figure 38.

It is seen from Figure 37 for ignition of' U-propellant in argon

that ignition times in argon are in goo. agreement with those observed
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for ignition in nitrogen at equivalent heat fluxes. For these tests,

as for the ignition tests on F-propellant, the gas temperatures were

much higher for equivalent externally applied heat fluxes in argon

than in nitrogen. The difference in gas temperature for a given heat

flux between argon and nitrogen at Mach 0.13 and 0.28 would be almost

the same as that for the ignition of F-propellant shown by Figures 18

and 19. Upon comparing results for ignition of F-propellant in argon

and nitrogen (compare data of Figure 37 with data given in Figure 20),

it is seen that there is no appreciable difference in ignition times

for tests in argon and nitrogen with U-propellant; however, F-pro-

pellant ignited considerably f'ster in argon than in nitrogen for

equivalent heat fluxes.

The data for ignition of U-propellant in oxygen were in remarkable

agreement with data for ignition in nitrogen as shown by Figure 38.

Not only are the data for ignition in oxygen and nitrogen the same,

but all ignition data fall near the line on the In (F) versus In (ti)1/2

plot that describes simple thermal ignition of F-propellant. Another

interesting feature of the ignition tests in oxygen was that samples

of propellant U-5 could not be ignited at Mach 0.13 (see Table 11),

test conditions under which secondary ignition reactions at the pro-

pellant surface involving the environmental oxygen would most likely

contribute energy for heating the propellant surface. It was mentioned

in a previous section that propellant U-5 contained the most uniform

distribution of ammonium perchlorate of the 5 batches tested, and

consequently cut surfaces were the smoothest on samples of this pro-

pellant. Because of the smoother surfaces, more consistent data were
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obtained and most of the data points were grouped near the line which

represents simple thermal ignition of F-propellant. It was also found,

as was observed on tests in nitrogen, that some samples of propellant

U-5 did not ignite in oxygen at Mach 0.28 and 1.0 For some of these

tests calculated surface temperatures at the end of the test period,

as estimated from temperature-time data obtained from heat flTx. gauge

measurements, were higher than the predicted thermal ignition tempera-

ture of U-propellant calculated by Equation (25)- However, as was

already mentioned, it was not always possible to predict precisely

the length of available test time for a given shock tube test. If,

for example, the contact surface between the driven and driver gases

is not well-matched, movement of the contact surface relative to the

tube can shorten the time that hot gases are available at the test

position. Since time required for ignition of propellant U-5 was near

that for the minimum test period in the shock tube (see Figure 35),

it appears that some of the tests were terminated by the flow of cold

driver gas into the test section before -.he propellan't reached its

ignition temperature.

It was also observed during ignition tests on. propellant U-5

in oxygen and nitrogen that burning of the samples was quenched during

tests at Mach lo0 when cold driver gas entered the test section. This

was not a unique feature of U-propellant, but occurred during tests

for all propellants during tests at Mach loOo Figure 33b shows a

photomicrograph of a propellant surface for the sample recovered from

Run No. 53-18-2. This test was conducted in oxygen witb a gas
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velocity of Mach lO (about 685 m/sec) at a heat flux of 124 cal/(cm)
2

(sec). This photomicrograph shows that a considerable amount of pro-

pellant was consumed before the sample was extinguished. This shows,

as mentioned previously, that at least a quasi-steady deflagration

wave can be sustained with high gas velocities across the propellant

surface as long as some of the energy is supplied externally.

Discussion of Results, The results of this study on U-propellant

show that for propellants with very smooth surfaces, ignition of the

propellant takes place by a simple thermal ignition process, and

ignition results are in excellent agreement with those predicted by

thermal ignition theory; in particular, the ignition model described

by Equation (7) for the key ignition reaction localized at the pro-

pellant surface. For propellants with very smooth surfaces, the sur-

face temperature of the propellant increases only under the influence

of one-dimensional heat transfer. For a propellant with a smooth

surface there is no two-dimensional heating and the entire surface

rises uniformly. As a consequence of the lower uniform temperature,

reactive species are produced at a much slower rate at the surface

than, for example, at the surface of F-propellant during ignition.

Therefore, the temperature of the convective gas does not influence

the ignitability of U-propellant. The fact that high-temperature

oxygen under high pressures, 20 to 25 atmospheres, does not affect

ignition of U-propellant is strong evidence that heterogeneous attack

of the propellant surface by an oxidizing gas is not an important

chemical process in the ignition of some ammonium perchlorate propellants.
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On the other hand, oxygen has been observed by several investigators

to influence the ignitability of ammonium perchlorate propellants .n

convective heating experiments, particularly propellants with rough

surfaces. This observation strongly suggests that when oxygen is

present in the test gas it affects propellant ignition through exo-

thermic reactions with gaseous decomposition products which .-.re gene-

rated by two-dimensional heating of surface imperfections . For

propellants with rough surfaces, it is these secondary ignition

reactions, either in the gas phase or at the surface. which supply

part of the energy for bringing the propellant to its thermal ignition

temperature .

IGNITION OF PROPELLANTS CONTAINING IRON OXIDE

Since iron oxide is known to be an excellent burning rate catalyst,

comparable to copper chromite in its ability to enhance the burning

rate of ammonium perchlorate propellants, a few propellants were made

in which a fine particle-size iron oxide was used as the catalyst.

The iron oxide used in these propellants was a pigment-grade material,

Code R-1599, obtained from C. K. Williams and Company.

Ignition of J-Propellant in Nitrogen

The first propellant tested that contained iron oxide was J-

propellant0  Except for the catalyst, J-propellant had the same

comqosition and particle size of ammonium perchlorate as regular F-

propellant. Freshly cut surfaces of J-propellant were of the same

order of roughness as those observed on regular F-propellanto
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Experimental data for J-propellant are given by Table 12 and are

graphed in the form of In (F) versus in (ti)l/2 in Figure 39 for test-

section Mach numbers of 0.07, 0.13, and 0.28. The ignition times for

Mach 0.13 and 0.28 are very nearly the same as those for regular F-

propellant at equivalent heat fluxes. The data are well represented

by straight lines with slopes of -1.0.

The equations for the straight lines which represent the ignition

data for J-propellant on a plot of In F versus In (ti )l/2 in nitrogen

are as follows:

at Mach 0.28:

(t i )1/2 = 213/F (32a)

at Mach 0.13:

(ti)1/2 = 162/P (32b)

at Mach 0.07:

(ti)l/2 = 132/F (32c)

S 2

Where t. is in milliseconds and F has the units cal/(cm) (sec).

The equations that represent ignition data at Mach 0.28 and Mach 0.13,

Equations (32a) and (32b), respectively, can be compared directly to

those that represent ignition of F-propellant at these gas velocities,

Equations (28c) and (28a), respectively. It is seen that ignition

characteristics of F-propellant and J-propellant were almost the same

at these test conditions.

One rather significant difference in ignition characteristics

of J-propellant from that of regular F-propellant is the improved

ignitability of J-propellant at Mach 0.07. For F-propellant at
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Mach 0.07 (see Figure 10), the ignition data could not be separated

from those obtained at Mach 0.09 and 0.13, and there was considerable

scatter among the experimental data. On the other hand, the data

for ignition of J-propellant at Mach 0.07 are very consistent. but

ignition times were considerably shorter for a given heat flux than

those observed for regular F-propellant. This apparently indicates a

difference in the secondary ignition process for the two propellants

and cannot be explained at this time.

It was found during ignition tests that samples of J-propellant

were sometimes extinguished by cold driver gas entering the test

section for runs at Mach 0.28. As was noted earlier, this never

occurred during tests on F-propellant, although the photocell signal

indicated a change in light intensity when cold gases entered the test

section.

In the discussion on page 60, the method for calculating the

rate of heat transfer to the propellant surface during an ignition

test was described. At that time it was pointed out that the value

for thermal responsivity, Pp, used in these calculations was that

obtained experimentally or estimated for the propellant at 600C.

The use of a constant value for propellant thermal responsivity was

justified by the argument that all propellants have similar properties

and have high loadings of ammonium perchlorate. Therefore, even

though the thermal properties are a function of temperature, one can

compare ignition data for all propellants in terms of ignition time

and externally applied heat flux to the surface. It would be desirable

to include the temperature dependence of thermal properties in all heat
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flux calculations, and this will be required as experimental and

analytical procedures become more refined. To obtain some indication

of the order of magnitude of the error in heat flux calculations which

are calculated using the assumption of constant thermal properties,

a second set of heat flux calculations was made on the ignition data

for J-propellant. For these calculations an average value of heat

capacity was taken for ammonium perchlorate for the temperature range

3000 to 540°K. This higher value for heat capacity increased the

thermal responsivity for J-propellant from 0.0206 to 0.0224 cal/(cm)2

(sec)l/2(OK)° Heat fluxes calculated using the latter value for r P

are given by the second set of values for several ignition tests on

J-propellant in Table 12. In all cases the difference in the calculated

heat fluxes for the two values of P is less than two per cent. ThisP

shows that the assumption of constant thermal properties for heat flux

calculations is a reasonable one.

Effect of Ammonium-Perchlorate Particle Size, Catalyst Concentration,
and Cure Time

Two propellants were processed with different concentrations of

iron oxide catalyst (R-1599), 2.0 and 5.5 per cent in propellant AD and

AE, respectively. See Table 2 for propellant compositions. These

propellants were made from one batch. The batch was started with the

composition for propellant AD which was mixed by the regular procedure.

When processing of propellant AD was completed, part of the propellant

was removed for filling sample holders. More catalyst was added to

the portion remaining in the mixer and the propellant was mixed for an

additional 15 minutes. This procedure gave a propellant with a lower
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concentration of oxidizer; however, it was already known that oxidizer

level in the propellant does not have an effect on ignition. Two

sizes of ammonium perchlorate, 85 and 15 micron in equal percentages,

were used in propellant AD and AE. Propellant AD can be compared

directly with J-propellant with respect to particle size of the

oxidizer.

Ignition data for propellants AD and AE are given in Table 13.

The data for these propellants for a test-gas velocity of Mach 0.13

are plotted in Figure 40. It can be seen from the data plotted in

Figure 40 that increasing the iron oxide level from 2.0 to 5.5 per

cent did not change ignition characteristics, and the data for pro-

pellants AD and AE can be represented by a single straight line.

In contrast with the results for J-propellant, the data for propel-

lants AD and AE on an in (F) versus in (t )i/2 plot are represented

by a straight line with a slope of -0.68.

(ti )1/2 =50-/(W *68  (33)

Where ti is in milliseconds and F has the units cal/(cm) 2(sec).

In fact, it appears that these data would be better represented by a

curved line having a slope of about -1.0 at lower heat fluxes and

with a somewhat lower slope at larger values of heat flux.

The effect of cure time on ignition was also investigated for

propellant AE. The normal curing condition used for all propellants

was 7 days at 80 0C. Several samples of propellant AE were removed

from the oven after 12 hours at 800C and tested. These data are

also included in Figure 40. These samples ignited somewhat faster
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than those for propellant cured for 7 days at 800C. However, it is

believed that this effect is not related to the state of cure, but

rather to the difference in surface characteristics of the propellants

cured for different times. For the propellant cured only 12 hours at

800C. the polymer was still somewhat tacky and it was difficult to

prepare surfaces without pulling some oxidizer particles from the

propellant matrix. The results of this study indicate that the

state of cure of the polymer does not significantly affect ignition

of ammonium perchlorate propellants.

At higher gas velocities, Mach 0.28, the ignition data for pro-

pellants AD and AE can be represented by the same straight line with

a slope of -1.0 (see Figure 41) which also represents ignition data

for J-propellant at Mach 0.28, Equation (32a). It is also interesting

to note (see Figure 41) that the one data point obtained at Mach 1.0

for propellant AE lies near the straight line which represents simple

thermal ignition of F-propellant.

The effect of particle size of ammonium perchlorate on ignition

of propellants containing an iron oxide catalyst is shown by Figure

42 for ignition at Mach 0.13 and by Figure 43 for ignition at Mach

0.28. Data for X-propellant with 2.0 per cent iron oxide and a single

particle-size cut of ammonium perchlorate (70 micron) is included with

data for propellants J and AD. Experimental data for X-propellant

are given in Table 14.

In Figure 42 the dashed line represents ignition results on J-

propellant at Mach 0.13. It is interesting to note that at low heat

fluxes in the range of 40 to 50 cal/(cm) 2(sec) this line also represents
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ignition data for propellant AD. But at higher heat fluxes 50 to 70

cal/(cm) 2 (sec), the ignition times for propellant AD are a weaker

function of heat flux. The data for X-propellant do not correspond

well to data for either propellant J or AD. The data on X-propellant

are too limited, however, to draw any conclusion about its ignition

characteristics.

For ignition at Mach 0.28, Figure 43, data for all three pro-

pellants with 2.0 per cent iron oxide are well defined by the straight

line with a slope of -1.0 which represents ignition of J-propellant,

Equation (32a). There is no apparent difference in the ignition

2haracteristics of these propellants with different particle sizes

of ammonium perchlorate at Mach 0.28.

An obvious extension of the work described in this section would

be to study ignition of propellants containing iron oxide and a finer

particle size of ammonium perchlorate at lower gas velocities. Neither

propellant AD nor propellant AE could be ignited at gas velocities

lower than Mach 0.13 because of limitations in the test apparatus

which have already been described.

Ignition of Propellant AD in Argon

Several ignition runs were made on samples of propellant AD using

argon as the test gas at Mach 0.13. These data are tabulated in Part II

of Table .3 and are compared graphically with ignition data in nitrogen

by F-ure 44. The data obtained on propellant AD in argon are

reasonably consistent and show that the best straight line that

represents the data has a slope of -0.79. The equations which
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represent ignition of propellant AD in nitrogen and argon are:

For nitrogen:

(ti)l/2 = 50.5/(F)0 .68  (33)

For argon:

(ti )l/2 = 68.5/(P)0 .79  (34)

Where t. is in milliseconds and F has the units cal/(cm) 2(sec).

As was mentioned earlier in the discussion of ignition results on

F-propellant in argon, if there is an effect of gas temperature on

ignition, the slope of the line which represents the experimental

data should be steeper for tests in argon. A comparison of ignition

results on propellant AD in argon with those for propellant F in

argon (Figure 20) shows that there is a smaller gas temperature

effect on ignition of propellant AD than was observed for F-prorellant.

This difference in ignition characteristics between propellants F and

AD can be attributed to difference in surface characteristics of the

two propellants. Because of the finer particle-size oxidizer in pro-

pellant AD, a smoother surface could be cut on this propellant.

The ignition results for propellant AD in argon and nitrogen at

Mach 0.13 show that the line which defines igniti::z:" data on an In (F)

versus In (ti)i/2 has a slope with an absolute value considerably

less than 1.0. The exact significance of the lower slope for data

on propellants AD and AE at Mach 0.13 is not readily apparent, but

appears to be related to the dependence of secondary ignition reactions

on gas velocity and gas temperature. As was mentioned earlier on

page 93, one might expect gas temperature and gas velocity to affect
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secondary ignition reactions in such a way that the slope of the line

which defines experimental data on In (F) versus in (t plot can

be either less Than or greater than -l0, It would also be expected

that the type of catalyst used in the propellant would alter the

kinetics of the secondary ignition reactions, It will be shown later

that of the catalysts tested in this research, only iron oxide and

copper chromite were found to greatly enhance ignitability of propel-

lants at low test velocities.

.ignition of Propellants AD and AE in xygen

A few sakples of propellants AD and AE that remained after tests

in nitrogen and argon were tested in pure oxygen ai a pressure of 20

atmospheres, The ignition data obtained from these tests are tabu-

lated in Part i11 of Table 13 and are plotted in Figure 45 where they

are compared with 'ignition resuits in nitrogen. Tn contrast with the

data obtained on UJpropellant, propellants AD and AE ignited much

faster for equivalent heat fluxes in oxygen thani in nitrogen. The

faster ignition times In oxygen were expected for propellants AD and

AE since the surface r lihness was greater on samples of these pro-

pellants, of the order of 10-15 microns, than on samples of U-

propeliant. As a consequence of the surface roughness, propellant

decomposition prcducts are generated by localized beating at the sites

of surface imperfections. These decomposition products undergo more

vigorous exoth-.rmic reactions at or near the surface when env.Lronmental

oxygen participates in the reaction process, The net result is a

higher rate of energy production at the propellant surface which helps
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bring the propellant more rapidly to its thermal ignition temperature.

It is to be expected, although not shown by the data of Figure 45,

that at higher gas velocities, somewhere in the range of Mach 0.3 to

Mach 1.0, that the effect of environmental oxygen on ignition would

become less important. This would take place when gas velocity becomes

great enough to prevent the secondary reaction processes at the pro-

pellant surface. Reactive species would be swept away by high velocity

gases before undergoing reaction and the propellant surface would be

heated only by one-dimensional heat transfer from the hot test gas.

APPARENT ROLE OF CATALYSTS IN THE IGNITION PROCESS

Thermal decomposition studies on ammonium perchlorate at fairly

low heating rates relative to those encountered in solid propellant

ignition show that several metal oxides, in otherwise pure ammonium

perch'orate, are very effective in increasing the rate of the low

temperature (200-350 0C) decomposition reaction. Some of these metal

oxides are also effective in catalyzing the complete decomposition of

ammonium perchlorate at low temperatures. Thermal decomposition studies

on pure amonium perchlorate at low temperatures by Bircumshaw and

Newman [14,15] and by Galwey and Jacobs [37] show that ammonium per-

chlorate decomposes directly from the solid phase at low temperatures

and under low ambient pressures by the following exothermic reaction.

2NH 4C104 (s) - 40H2  + Cl2 + 3/2 02 + N2 0 (35)

The exact reaction mechanisin by which the crystal undergoes decompo-

sition directly to gaseous products does not appear to be completely



l'T -

understood. The low-temperature decomposition of pure ammonium per-

chlorate starts at discrete nuclei on the surface of a crystal at

the junction of mosaic blocks, then propagates through the inter-

granular material, and terminates after about 30 per cent of the

original sample has decomposed [37]. The addition of some metal

oxides to the ammonium perchlorate, even in low concentrations, greatly

accelerates the low-temperature decomposition reaction and also lowers

the temperature at which ammonium perchlorate will undergo spontaneous

defl.agration or thermal explosion. The temperature at which thermal

explosion occurs is sometimes referred to as an autoignition or

critical temperature.

Low-temperature decomposition studies on ammonium perchlorate

are very useful in that they provide data on the reaction kinetics

of the important decomposition reactions. However; since most of these

studies are conducted under a high vacuum or at atmosphere pressure,

we know very little about the effect of pressure on the decomposition

reaction. Also, at low temperatures where the rate of decomposition

is slow, the decomposition reaction is essentially isothermal since

the rate of energy generation by the exothermic decomposition reaction

is slow and heat is conducted to the surroundings without signifi-

cantly raising the temperature of the perchlorate sample. However, in

some experimental work [48], a small amount of self-heat-.ng has been

reported for pure ammonium perchlorate during the initial accelerative

phase of the decomposition process. The heating rates used for low-

temperature decomposition studies are much slower than those encountered
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in ignition work and as a consequence in ignition experiments energy

from solid-phase decomposition provides self-heating of the perchlorate.

Effect of Catalysts on the Thermal Decomposition of Ammonium Perchlorate

Bircumshaw and Newman [14] in their studies on low-temperature

decomposition of ammonium perchlorate in the p-esence of catalysts

noted that manganese dioxide greatly increased the rate of deconpo-

sition of ammonium perchlorate at 2300 C and complete decomposition

of the ammoniun perchlorate occurred at this temperature. In this

same paper, it was reported that ferric oxide and calcium oxide were

less effective decomposition catalysts than manganese dioxide, and

aluminum oxide exhibited no catalytic effect on the decomposition

process.

Galwey and Jacobs studied the effect of carbon [38] and manganese

dioxide [36] on the low-temperature thermal decomposition of ammonium

perchlorate. Below 2400 C. carbon at concentrations of 3,5, 5.5, and

17 per cent showed very little, if any, effect on the decomposition of

ammonium perchlorate. Also, most of the carbon was found in the solid

residue after tests. The activation energy for the low-temperature

decomposition reaction in the presence of carbon was found to be

about 32 Kcal/(mole)o Above 260 0 C, for pellets containing 20 per

cent carbon, the decomposition reaction accelerated rapidly, resulting

in a mild explosion which ruptured the pellet. The scattered particles

then underwent slow thermal decomposition. Thermal decomposition of

ammonium perchlorate containing 10 per cent manganese dioxide was

studied over the temperature range of 137 to 2120 C. The decomposition



- 173 -

reaction was found to proceed by two successive stages. The first

stage was the catalyzed decomposition of ammonium perchlorate followed

by uncatalyzed decomposition as the area of contact between the

catalyst and ammonium perchlorate crystals became smaller. The acti-

vation energy for the catalyzed decomposition was about 32 kcal/(mole).

Jacobs and Kureishy [48,49] have shown that pellets composed of

ammonium perchlorate and cuprous oxide will undergo self-heating in

low-temperature decomposition studies, which under certain test con-

ditions will lead to thermal explosion of the pellet. The transition

from self-heating to thermal explosion is dependent on the mass of

the pellet, temperature at which the experiment is conducted, and

concentration of cuprous oxide in the pellet. This experimental work

showed that the process that leads to thermal explosion can proceed

by one of two reaction mechanisms. One mechanism is the thermal

decomposition of ammonium perchlorate with concurrent oxidation of

cuprous oxide by free oxygen liberated in the decomposition process.

In this process heat generated by the oxidation of cuprous oxide can

bring the pellet to its thermal explosion temperature. If this first

process does not produce a thermal explosion, catalysis of ammonium

perchlorate decomposition by cupric oxide formed in the first reaction

can produce self-heating which terminates with a thermal explosion.

Here again the initiation of a thermal explosion depends on the test

temperature, mass of the pellet, and the concentration of cupric oxide.

Kuratani [57] investigated thc: effect of metal compounds, in low

concentrations, on the thermal decomposition of ammonium perchlorate
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and also their effect on the autoignition temperature of ammonium

perchlorate. This work can be summarized as follows.

1. Cupric oxide, cuprous oxide, cuprous chloride, and zinc

oxide were found to promote both the low- and high-temperature

decomposition processes for ammonium perchlorate. Of these

metal compounds, zinc oxide was found -to be most effective

material for lowering the autoignition temperature of

otherwise pure ammonium perchlorate. The autoignition

temperature of pure ammonium perchlorate is about 430 0C,

but when zinc oxide was mixed with the ammonium perchlorate

the autoignition temperature was lowered to 2500C for pellets

of equal mess.

2, Nickel oxide (NiO) and chromic oxide were found to promote

primarily the low-temperature decomposition reaction.

3. Manganese dioxide and copper chromite were found to be most

effective as high-temperature decomposition catalysts.

4. Aluminum oxide, titanium oxide, ferric oxide, and vanadium

pentoxide had no significant catalytic effect on the thermal

decomposition processes for anmonium perchlorate.

In the paper by Kuratani, the low-temperature reaction is thermal

decomposition of ammonium perchlorate below 35000.

Other studies on the decomposition of ammonium perchlorate which

appear to be significant with respect to ignition of solid propellants

were those conducted by Hermoni and Salmon [45]. They found that

carbon, manganese dioxide, and copper chromite catalyze reactions in

the solid phase. In another publication by Hermoni and Salmon [441]
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they report that nickel oxide (Ni2 03) and mixtures of cobalt oxides

(Co2 03 plus Co3 4) are good low-temperature decomposition catalysts

for ammonium perchlorate. Chromic oxide was found to be less effective

than nickel or cobalt oxides.

Solymosi and Revesz studied the effect of zinc oxide [86] and

ferric oxide [87] on the thermal decomposition of ammonium perchlorate.

It was found that the addition of zinc oxide to ammonium perchlorate,

even in concentrations as low as 0.1 weight per cent, significantly

lowered the autoignition temperature and increased the rate of the

low-temperature decomposition [86]. The activation energy for the

low-temperature decomposition catalyzed with zinc oxide was approxi-

mately 32 kcal/(mole). Ferric oxide was found to have only a small

catalytic effect on the rate of thermal decomposition of ammonium per-

chlorate in the temperature range of 210 to 2400 C. In the temperature

range of 245 to 3000C with small concentrations of ferric oxide, 2.0

to 12.5 per cent, the rate of decomposition of ammonium perchlorate

was not significantly different from that for pure ammonium perchlorate.

Only at test temperatures above 3000 C did small concentrations of ferric

oxide accelerate the rate of decomposition of ammonium perchlorate [87].

The activation energy for the low-temperature reaction catalyzed by

ferric oxide was about 31 kcal/(mole), a value which is typical of

the low-temperature decomposition process.

Ignition of Propellants Containing Different Catalysts

Since much information was available on the catalyze(! .compo-

sition of ammonium perchlorate, although there are some inconsistencies
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between results reported by different investigators, it appeared that

some information about ignition process of propellants could be obtained

by making ignition tests on propellants containing different catalysts.

The compositions of the propellants used in this study are summarized

in Figure 46. Complete compositional data on these propellants are

given in Table 2.

Figure 46

Compositions of Propellants Tested in Catalyst Study

Ammonium

Propellant Perchloratea Binder Catalyst

Y 75.0 23.0 2.0 Zinc Oxide

Z 74.0 23.0 2.0 Zinc Oxide

1.0 Ferric Oxide

AA 75.0 23.0 2.0 Chromic Oxide

AB 75.0 23,0 2.0 Cuprous Oxide

AC 74.0 23.0 2.0 Cuprous Oxide

1.0 Philblack E

AD 75.0 23,0 2.0 Ferric Oxide

aA 50-50 blend of 15-micron and 85-micron ammonium perchlorate.

Samples of propellant with freshly cut surfaces were exposed to

convective heat fluxes in the range of 40 to 130 cal/(cm)2 (sec). As

already indicated (see Figure 35) there is a test-time limitation at

different hcra.t fluxes resulting from termination of the test period

by the arrival of the head of the reflected rarefaction wave at the

test position or at high gas velocities by mixing of cold driver gas
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with the test ;as. Except for propellant AD, ignition data obtained

on propellants in these tests are tabulated in Table 14 and are shown

graphically in Figure 47. The ignition data for propellant AD are

given in Table 13.

In this study it was found that only propellant AD containing two

per cent iron oxide could be ignited at all test conditions. Propel-

lant Z with two per cent zinc oxide and or.', per cent iron oxide would

not ignite at a heat flux less than 50 cal/(cm) 2(sec) because of test

limitations already described. Ignition times were as much as 50 per

cent longer for propellant Z than for propellant AD at equivalent heat

fluxes.

Propellants Y and AA containing zinc oxide and chromic oxide,

respectively, gave some indication of ignition as shown by a small

deflection of the photocell signal at the times indicated in Table

14. This small amount of luminosity was only observed at heat flux

levels of about 100 cal/(cm) 2(sec) or higher. The time for the appear-

ance of the photocell deflection, which did not lead to steady

deflagration of propellants Y and AA, was about the same as that for

propellant Z containing, in addition to zinc oxide, one per cent ferric

oxide.

One sample of propellant AB containing 2.0 per cent cuprous oxide

ignited and completely burned at a heat flux of 90 cal/(cm) 2(sec),

but a subsequent run at a heat flux level of 11.0 cal/(cm) 2(sec) gave

only a slight photocell deflection and the sample was not completely

burned.
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7.0

6.0

5.0 Simple thermal ignition

of F-Propellant

4.0,

Y "I

E_. wt 0/
q Symbol Code Catalyst Mt

0 0 Y-1 2.0 ZnO 0.28
6 Z -1 2.0 ZnO 0.28

2.0 + 1.0 Fe20 3

Z-1 *0 0.13
S A A-1 2.0 Cr0 3 0.28

AB-1 2.0 Cu2 O 0.2B
o AC-1 2.0 Cu 2 0 0.28

+ 1.0 Philblack
* AC-1 to 0.13
v AD-1 2.0 Fe2 0 3  0,28

A D -1 it 0 .1 3 1 ... . . ..1.c ..

30 40 50 60 70 80 90100 150

F, [cal/(cm)'(sec)]

Figure 47

A Comparison of Ignition Data for Propellants with Different Catalysts.
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Propellant AC with cuprous oxide as well as carbon black gave

strong light signels for both conditions tested. Ignition times were

close to those for propellants with other catalysts; however, one

sample ignited at a much lower heat flux than was found for the pro-

pellant catalyzed with cuprous oxide alone. More data were not

obtained on propellant AC because the samples were not entirely

homogeneous. Some of the cut surfaces had rather large agglomerates

of carbon black.

Examination under a microscope of surfaces of propelltnts which

did not ignite showed that for all samples which gave photocell

deflections there was some regression of the propellant surface. For

the propellant containing only zinc oxide there was considerable

charring of the polymer for runs at high heat fluxes even when no

light signal was observed. All of the propellants tested at high heat

fluxes showed some surface discoloration, although in several cases

no deflection of the photocell signal was observed.

Because of the test-period limitation in the shock tube, it was

not possible to completely define the ignition characteristics of

these propellants. The fact that several of the propellants gave a

photocell deflection, indicating that thermal ignition had occurred

at the 6urface but did not undergo transition to steady deflagration,

indicates that catalysts other than iron oxide were not effective

in catalyzing secondary ignition reactions which supply part of the

energy- for heating the propellant surface. It would be expected that

if these tests could have been conducted at lower gas velocities, all

of these propellants would have undergone steady deflagration at the
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times when photocell deflections were observed. Baer [page 80, 6]

observed in his studies on propellant ignition that one of the pro-

pellants tested ignited but did not undergo steady deflagration at

test-gas velocities of about 100 m/(sec), equivalent to Mach 0.13

in this study. However, at a lower gas velocity, 50 m/(sec), the pro-

pellant samples ignited and burned.

In addition to the propellants described above, an uncatalyzed

propellant, propellant G, and a propellant containing two per cent

Sterling VR carbon black, propellant GB, were tested. Both of these

propellants had the same particle-size distribution of ammonium per-

chlorate as F-propellant. See Table 2 for complete compositional data

for these propellants. No indication of ignition, as monitored by a

photocell, was observed during ignition tests on propellants G and GB.

Data for ignition runs on these propellants are given in Table 14.

Samples recovered from tests showed a small amount of surface regression,

and a number of the larger oxidizer crystals were opaque after tests,

an indication that some intergranular decomposition of ammonium per-

chlorate had occurred. For G-propellant some charred polymer was

found on propellant surfaces. For tests at higher heat fluxes [greater

than 90 cal/(cm) 2(sec)] and at high gas velocities, Mach 0.28 and 1.0,

the polymer at the surface of G-propellant was more charred than for

runs at lower heat fluxes and gas velocities. In some of these tests

a thin coat of carbonaceous material deposited on the trailing edge of

the samxple holder.

Although G-propellant did not ignite in convective heating tests,

ignition data for G-propellant were obtained experimentally by Baer
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[8,821 at low radiant fluxes, 1-12 cal/(cm)2 (sec), in a radiation

furnace at atmospheric pressure Experimental data from Reference 82

have been retabulated in Table 1 for propellants F and G, and are

plotted in Figure 4. For ignition studies in the radiation furnace,

freshly cut propellant surfaces were coated with a very thin layer of

carbon black to eliminate reflectivity and to ensure that all radiant

energy was absorbed at the surface. By comparing ignition results with

propellants which were not coated with carbon black, and considering

the effect of surface absorbtivity on heat transfer to the surface,

it was shown that the thin layer of carbon black did not catalyze the

ignition process. The experimental data presented by Figure 4 for

propellants F and G are well represented by straight lines with

slopes of -0.92 on the In M versus in (ti)1/2 plot. The results

from this study by Baer show that the addition of copper chromite

to this propellant system affects the simple thermal ignition process.

The equations for the lines which represent the data for propel-

lants F and G in Figure 4 for an initial temperature of 3000K are

given by:

For F-propellant:

(ti )l/2 = 170/(p)0.92 (29)

For G-propellant:

(t )l/2 = 193/(1 ° '92  (36)

By combining Equations (23) and (36), it is found that the ther-

mal ignition temperature as a function of 'the externally applied heat

flux for G-propellant is:
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Ti (°K) = 300°K + 333.9 (P)0'08 (37)
si

where F has the units of cal/(cm)2(sec).

If it is assumed that ignition results at low radiant fluxes can

be extrapolated to higher heat fluxes for G-propellant, this was shown

to be a valid assumption for F-propellant, then it can be shown through

the use of Equation (37) that in none of the convective heating tests

on G-propellant was the surface temperature TL i, (see Table 14)si

sufficiently high at the end of the test period to ensure thermal

ignition of G-propellant.

Discussion of Results from Catalyst Study

It is interesting to note that except for ferric oxide and copper

chromite, none of the other catalysts tested were very effective in

increasing the ignitability of ammonium perchlorate propellants at

low gas velocities. With respect to the preceding discussion on

G-propellant, it appears that some of these catalysts may have

exhibited some catalytic activity, but all of them were less effective

than iron oxide at gas velocities of Mach 0.13 and Mach 0.28. Of the

catalysts included in this study, zinc oxide appeared to be the most

effective catalyst, based on thermal decomposition studies, for pro-

moting low-temperature decomposition of ammonium perchlorate and also

lowering the spontaneous ignition temperature. It is possible that

cuprous oxide did not contribute to the low-temperature decomposition

of ammonium perchlorate in ignition tests because of the fast heating

rate. As suggested by Jacobs and Kureishy [481, the self-heating of
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ammonium perchlorate in the presence of cuprous oxide results from

energy liberated by the oxidation of cuprous oxide to cupric oxide.

Experimental results by Hermoni and Salmon [45] had indicated that

chromic oxide was not an effect.ve low-temperature decomposition

catalyst for ammonium perchlorate, but appeared to be a catalyst for

reactions in the gas phase. Carbon black did not exhibit any observable

catalytic effect on propellant ignition. Neither propellant GB con-

taining carbon black nor propellant G ignited in convective heating

tests.

Although zinc oxide, cuprous oxide, and chromic oxide did not

exhibit strong catalytic activity, when compared to iron oxide and

copper chromite, it is of interest to note that propellants which

contained these materials gave indications of ignition at times which

were in qualitative agreement with data for simple thermal ignition

of F-propellant. See Figure 47. None of these materials appear to

catalyze secondary ignition reactions, but only affect the simple

thermal ignition process. On the other hand, iron oxide and copper

chromite catalyze secondary ignition reactions at or near the surface

in addition to their effect on the simple thermal ignition process.

One reason that ammonium perchlorate decomposition catalysts may

not be effective in increasing the ignitability of propellants, as

would be expected based on studies of thermal decomposition of ammonium

perchlorate, is that most of the catalyst, as well as the ammonium

perchlorate crystals, is coated with a thin film cf polymer which

prevents intimate contact between &a.nonium perchlorate crystals and

the catalyst powder. It was found that copper chromite exhibits

VAIUT..._
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essentially the same catalytic activity in cast propellants with a

PBAA binder-fuel and in pressed propellants with carbon black as the

fuel. The ignition results on pressed propellants are described in a

subsequent section. A comparison of the results on pressed propellants

and cast propellants containing copper chromite indicated that sepa-

ration of the catalyst from ammonium perchlorate crystals did not

change the ignition characteristics for the two kinds of propellants.

However, this does not mean that other ammonium perchlorate decompo-

sition catalysts, which have been shown through thermal decomposition

studies on ammonium perchlorate to have greater catalytic activity

than copper chromite, will not produce different ignition characteristics

when incorporated in cast or pressed propellants. A critical test of

this hypothesis would require ignition tests on cast and pressed pro-

pellants containing a very effective ammonium perchlorate decomposition

catalyst.

Since iron oxide and copper chromite were the only catalysts

tested which significantly increased the ignitability of propellants

at low gas velocities, it appears that these catalysts have an additional

role in the ignition process besides catalyzing the decomposition of

ammonium perchlorate. One of these catalysts, iron oxide, according

to Kuratani [57], and Solymosi and Rgvdsz [87], is not an extremely

effective catalyst for the low-temperature decomposition reaction.

It is known, however, that both iron oxide and copper chromite are

excellent combustion catalysts. Copper chromite, although used pri-

marily as a hydrogenation catalyst, was found by Cannon and Welling [21]
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to be an excellent combustion catalyst for automotive exhaust gases

which contain extremely small concentrations of hydrocarbons and car-

bon monoxide. Copper chromite exhibited catalytic activity at 1850C,

and completely oxidized all combustible material at 2650C [21). Arden,

Powling, and Smith [5] have observed in studies on the burning of

ammonium perchlorate that copper chromite appears to catalyze the

decomposition of nitric oxide. The catalytic decomposition of endo-

thermic oxides of nitrogen at the propellant surface could be an

important secondary ignition process for supplying additional heat

flux to the propellant surface during convective heating ignition of

propellants with rough surfaces. Levy and Freidman [60] also found

that copper chromite appears to catalyze gas-phase reactions in the

steady deflagration of ammonium perchlorate containing only copper

chromite. It is suggested by Levy and Freidman that in steady deflag-

ration the flame zone is sufficiently close to the surface so that

copper chromite particles protruding from the surface of the propel-

lant extend into the flame zone. This type reaction, according to

the definition used here, would be catalysis of heterogeneous surface

reactions. This kind of reaction would be an effective secondary

ignition process at low test-gas velocities since energy would be

liberated at the surface where it would be utilized more effectively

in bringing the propellant to its thermal ignition temperature. This

role of the catalyst appears to be most realistic since both copper

chromite and iron oxide are much too stable to enter the gas phase at

the low temperatures found at the propellant surface during the transient

ignition process.
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Based on the foregoing observations, the following classes of

chemical reactions appear to be important in the ignition process:

1. The most important and the key ignition reaction for ammonium

perchlorate propellants is the low-temperature, thermal

decomposition of ammonium perchlorate at the propellant

surface. This reaction, whether catalyzed or uncatalyzed,

ultimately determines the ignition characteristics of ammonium

perchlorate propellants. The fact that the activation energy,

as determined from ignition experiments where propellants

ignite by a simple thermal ignition process, is about 30 kcal/

(mole) strongly suggests, but is not positive proof, that the

low-temperature decomposition of ammonium perchlorate is the

key chemical reaction in the ignition process, Other possible

ignition reactions could have similar activation energies.

However, with respect to other ammonium perchlorate decompo-

sition reactions, it does not appear that the high-temperature

decomposition of ammonium perchlorate is important in the

simple thermal ignition process. This high-temperature

reaction has a higher activation energy and also requires an

induction period which would appear to rule out its partici-

pation in the fast ignition process when the entire propel-

lant surface is heated uniformly. However, for propellants

with rough surfaces some of the perchlorate crystals may be

heated to a sufficiently high temperature to undergo high-

temperature thermal decomposition after the intermosaic
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material at the surface has undergone decomposition. Further-

more., catalysis of the low-temperature reaction does not

change its activation energy because the decomposition pro-

cess is apparently controlled by an electron transfer process

which is still the limiting process in the presence of most

catalysts.

2. One class of secondary chemical reactions which appears to

be important in the ignition process of ammonium perchlorate

propellants is exothermic reactions among ammonium per-

chlorate decomposition products or between oxidizing species

of perchlorate decomposition products and polymer fragments

that are pyrolized during the heating process. When copper

chromite or iron oxide is present in a propellant system, it

catalyzes the low-temperature, exothermic decomposition

reaction of ammonium perchlorate as well as secondary ignition

reactions. The contribution of copper chromite to the simple

thermal ignition process can be estimated by comparing ignition

data for propellants F and G obtained in the radiation furnace

(Figure 4), test conditions under which catalyzed gas-phase

or heterogeneous surface reactions are not important in pro-

viding energy for heating the propellant surface. However,

under convective heating, where two-dimensional heating of

surface imperfections takes place and localized hot spots

occur, reactive species are produced at the surface of the

propellant. This effect, in addition to the normal



- 188 -

low-temperature decomposition of ammonium perchlorate, pro-

vides reactive species which then undergo further exothermic

reactions, perhaps at catalyst sites. It is suspected that

localized heating of perchlorate crystals leads to thermal

ignition of some of the ammonium perchlorate crystals before

the surrounding propellant surface is brought to its ignition

temperature. However, since these particles have been heated

at a very rapid rate, only a thin surface layer is thermally

ignited on larger crystals. This does not lead to ignition

of the propellant surface until adjacent areas are brought

to the propellant's thermal ignition temperature, but this

process does provide gaseous species for secondary reactions.

Thermal ignition of small individual crystals would

suggest the appearance of an ammonium perchlorate decomposition

flame and even some participation by the binder-fuel surrounding

the crystal. If an ammonium perchlorate decomposition flame

appeared without the participation of the binder-fue). in the

reaction, it might not be possible to detect localized thermal

ignition with a photocell, since the decomposition flame is

not very luminous. During some of the tests on catalyzed

propellants, small deflections were seen on the differentiated

photocell signal several milliseconds before the propellant

ignited. One of the more u=usual photocell signals of this

kind is shown by the oscilloscope record in Figure 48a. The

small deflections which are more apparent on the differentiated
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a. flun No. 46-17-2 in Argon. b. Run No. 46-15-4 in Nitrogen.
vas Temperature: 13140K, Gas Temperature: 13130K,
Heat Flux: 31 cal/(cm)2(sec). Heat Flux: 39 cal/(cm)2(sec).
Ignition Time: 21 msec. Ignition Time: 18 msec.

Figure 48

Oscillographs for Ignition Runs on Propellant AD Showing Different Kinds
of' ignition Chexacteristics. Traces starting at Top and Center are for
the Direct and Differentiated Photocell Signals, Respectively.
Time Base: 5 msec/(div.) (Right to Left).
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signal suggest that the luminosity at the propellant surface

was produced by thermal ignition of individual crystals

accompanied by reactions involving the polymer. Figure 48b

is a normal light trace for the same propellant.

In addition to the preceding observation, high-speed

motion pictures on some ignition runs in the shock tube have

shown a dull, reddish glow at the propellant surface a few

frames before a combustion flame was observed. This was

only observed in about 5 per cent of ignition runs that were

viewed photographically. It appeared that the glow at the

surface before a flame appeared was produced by catalyzed

surface reactions. Ignition characteristics of the kind

shown by Figure 48a, localized ignition that was subsequently

extinguished, were not observed on any of the motion picture

films.

3. Another class of secondary ignition reactions which could be

important in the ignition process are those in which the

binder-fuel is an active participant. These reactions would

include the heterogeneous attack on the polymer by reactive

oxidizing species from the decomposition of ammonium perchlorate.

It would be expected that this kind of reaction would be

catalyzed by an oxidation catalyst in tne propellant.

Allen and Pinns [1] have shown that conventional solid

propellants can be ignited by the heterogeneous attack of a

reactive oxidizer on the propellant. In their work they used
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liquid and gaseous chlorine trifluoride as the oxidant.

Allen and Pinns did observe, however, that propellants which

contained a PBAA binder were more difficult to ignite than

those with polysulfide or polyurethane binders.

Hermance [43] studied the ignition and combustion of a

polyester-styrene resin under convective heating by oxygen

and by mixtures of oxygen and nitrogen in a shock tunnel.

He found that consistent ignition results on the pure polymer

were obtained only if the test gas contained concentrations

of oxygen greater than about 50 per cent. The results of

these studies by Hermance indicate that heterogeneous attack

by molecular oxygen on the binder-fuel may not be an impor-

tant reaction process for raising the temperature of the

propellant surface to its ignition temperature.

From the experimental work conducted for this thesis, it is not

possible to completely assess the role of the binder-fuel in the

ignition process, It appears, however, since propellants containing

either polymer or carbon black as the fuel exhibit almost identical

ignition characteristics, that exothermic reactions involving the

binder-fuel are not important in the ignitL on process. It is suggested

that reactions involving the fuel become important only after thermal

ignition of the ammonium perchlorate. This aspect of ignition will be

discussed in more detail in the section on pressed propellants.



CHAPTER VII

SPECIAL STUDIES ON PROPELLANT IGNITION

To supplement the experimental studies on the ignition of cast

propellants with cut surfaces, several special propellants were

made for study in the shock tube apparatus. Some of the different

kinds of propellants studied in these experiments were:

1. Cast propellants with polymer-rich surfaces.

2. Cast propellants with polymer-rich surfaces that were salted

with 15-micron ammonium perchlorate.

3. Pressed propellants of ammonium perchlorate and solid fuels.

4. Extended-phase propellants made from pellets of pressed

ammonium perchlorate and different polymer-fuels.

IGNITION OF PROPELLANTS WITH POLYMER-RICH SURFACES

An exploratory study was made to determine the ignition charac-

teristics of propellants with polymer-rich surfaces. In rocket

ignition the propellant surface which is exposed to ignitor action

is usually a smooth surface which was formed when the uncured propel-

lant was cast around a mandrel to give the desired burning-surface

geometry. This surface is polymer-rich and very few, if any, of the

ammonium perchlorate crystals are visible at the surface. In the pre-

ceding chapters, the discussion on propellant ignition was devoted

entirely to cast propellants with cut surfaces. The brief study

- 192 -
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described here was made to obtain information on how a polymer-rich

layer at the propellant surface affects the ignition process.

The cast propellants used in this study were processed in the

same manner as those used in other studies. See Appendix F. However

after the propellant was cast into the cavity of the sample holder

all excess propellant was wiped away on a Teflon sheet to leave a

smooth surface flush with the lip of the sample holder. The propellant

samples were then cured for seven days at 800C. When the samples were

'brought to oven temperature, a polymer-rich layer formed at the sur-

face which covered all of the ammonium perchlorate particles with a

thin film of polymer. When the samples had cured and were removed

from the oven, the propellant surface was no longer flat; a small

amount of shrinkage had occurred that gave a slightly concave surface.

It is not believed that these polymer-rich surfaces are identical to

cast surfaces, but ignition characteristics of propellant samples

prepared by this method should be very nearly the same as those for

a propellant grain with a surface formed by casting propellant around

a mandrel.

Experimental data for some of the propellants with polymer-rich

surfaces studied are plotted in Figure 49. These data are for F-

propellant in nitrogen and air, P-propellant in nitrogen, and U-

propellant in nitrogen, all at a test-gas velocity of Mach 0.13. The

experimental ignition results for F-propellant samples with cut sur-

faces in nitrogen at Mach 0.13 (see Figures 10 aid 11) are represented

by the straight line in Figure 49. Data for ignition of F-propellant
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samples with polymer-rich surfaces in nitrogen and air are tabulated

in Table 3 (Part II) and Table 6 (Part IT), respectively. Similar

data for propellants P and U are given in Table 7 (Part II) and Table 9

(Part II), respectively.

For calculating externally applied heat flux to the surface of

these polymer-rich samples, it was assumed that the thermophysical

properties of the polymer-rich surface were the same as those for a

cut surface. Obviously, this cannot be so, but if the other extreme

is considered in which the thermophysical properties of the polymer

are used, it is found that the calculated externally applied heat flux

is only 5 to 10 per cent less than for the assumption that the surface

has the same properties as the propellant. For the assumption of

polymer properties controlling the rate of heat transfer, see Tables

3 and 6, the calculated ignition temperature (TsLi) is 50 to 1000 C

higher than for the initial calculations in which propellant properties

were used.

Neither assumption about the thermal properties of the polymer-

rich surface is adequate to describe the heat transfer through the

polymer film at the surface into the body of the propellant. It

appeared from studies on propellants with cut surfaces that the only

heat flux value which is really important is that which describes the

heat flux at the surface of the ammonium perchlorate particles. For

calculating the heat flux at the surface of the oxidizer crystals for

these propellant samples, it would be necessary to know the thickness

of the polymer film at the surface. Since no special precautions were

R.- 7- _ - . . -
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taken to erslre a uniform film thickness and the thickness of the

polymer layer is not known, a more rigorous analysis of the heat trans-

fer problem was not justified in this work. A thorough study of

propellants with polymer-rich surfaces would necessarily include the

ignition of samples with a thin-polymer film of known thickness on

the freshly cut surface of cured propellant Then, knowing the

properties of the polymer film and propellant, one could use unsteady-

state heat transfer theory to calculate the heat flux at the polymer-

propellant interface during an ignition rn. The surface layers of

a cast propellant grain should also be examined to obtain information

about the distribution of ammonium perchlorate particles near the

surface. Untli more information can be obtained about the properties

of a polymer-rich film, the method used here for calculating externally

applied heat flux to the propellant surface will provide a useful com-

parison of the ignition characteristics between propellants with

freshly cut surfaces and those with polym-er-rich surfaces.

Upon examining the data given in Figure 49, it is seen that samples

of F-propellant with polymer-rich surfaces have nearly the same ignition

characteristics as samples with cur, surfaces., and the ignition times

at equivalent heat fluxes are essentially the same in both nitrogen

and air. It is also interesting to note that U-propellant, which was

more difficult to ignite than F-propellant in tests with cut surfaces

at low gas velocities. has essentially the same ignition characteristics

as F-propellant when ignition data for polymer-rich surfaces are

compared. The apparent reason for this anomalous behavior is that both
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propellants contain a 15-micron cut of ammonium perchlorate. U-

propellant contains only a 15-micron cut of ammonium perchlorate,

whereas F-propellant contains equal proportions (by weight) of a 15-

micron and a 200-micron cut of ammonium perchlorate. As would be

expected, only fine perchlorate particles remain suspended in the

polymer-rich film when samples are placed in the oven, and the concen-

tration of these particles is less in the thin-polymer layer than it

is in the main body of the propellant. Since each of these fine

particles (the largest being only a few microns in diameter) is sur-

rounded by a rather thick film of polymer, relative to That in the

main body of the propellant, the temperatures of these particles

increase at about the same rate as that of the polymer at the surface.

It has already been mentioned that for the assumption that polymer

properties control heat transfer to the surface. the calculated surface

temperature, T,L is 50 to 1000C higher than that for a cut propellanttempratue, si ,

surface at ignition. Therefore, the small ammonium perchlorate

particles suspended in the polymer reach their thermal ignition

temperature more rapidly than would be expected if the polymer film

were considered to be a thermal barrier slowing down the rate of heat

transfer to the main body of the propellant. Because of this effect,

both propellants U and F with polymer-rich surfaces give almost identical

ignition times. It would be expected that the cast surface of a pro-

pellant grain would have a similar distribution of particles resulting

from flow of the freshly processed propellant along the wall.

Two data points for ignition runs on samples of propellant P

with a polymer-rich surface are also included in Figure 49. This
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propellant is similar to F-propellant in that it has the same catalyst

content and particle-size distribution of ammonium perchlorate, but

has 5 per cent more polymer. The longer ignition times for samples

of propellant P relative to those for propellant F are attributed to

the fact that because of the lower loading of ammonium perchlorate,

even some of the finer particles of oxidizer settled from the layer

of polymer at the surface before the propellant cured, thus providing

a slightly thicker polymer film over all particles. This was verified

by cutting thin layers from the surface of a sample which extended

above the lip of the sample holder and comparing them with similar

slices from F-propellant. Ignition data for samples of P-propellant

with cut surfaces were nearly the same as those for F-propellant at

Mach 0.13 and 0.28 (see Figure 30).

Figure 50 shows the effect of oxidizer particle size on ignition

of propellants with polymer-rich surfaces at a test-gas velocity of

Mach 0.13- Propellants S and U contained single particle-size cuts

of ammonium perchlorate, 85-micron and 15-micron, respectively.

The data for S-propellant are given in Table 8, Part II. The two

straight lines on the graph represent the data for propellants S and U

with cut surfaces, see Figures 32 and 34., respectively. It is seen

from these data that samples of U-propellant with polymer-rich Eur-

faces ignite faster than samples with cut surfaces at equivalent heat

fluxes. On the other hand, S-propellant samples with polymer-rich

surfaces are more difficult to ignite than samples with cut surfaces.

This observation is in agreement with our earlier supposition. Because

S-propellant contains larger particles, 85 microns in diameter on the
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Velocity of Mach 0.13 in Nitrogen.
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average, even though the polymer is heated faster, the 8 5-micron

particles still partially fulfill the requirements for a semi-infinite

solid and consequently their surface temperatures increase at a slower

rate than those for finer particles embedded in the polymer.

Data for higher gas velocities, Mach 0.28, for propellants S and

U are given in Figure 51. Again, although there is a shift to longer

ignitIon times because of velocity effects, S-propellant has longer

ignition times at equivalent heat fluxes than U-propellant. The

results f-r U-propellant with polymer-rich surfaces at Mach 0.28

are in reasonable agreement with those for sarXLcs with cut surfaces

(see Figure 34). The dashed line in Figure 51 represents ignition

results on samples of S-propellant with cut surfaces at Mach 0.28

(see Figure 32). The continuous line represents simple thermal ig-

nition of propellants F and U with cut surfaces (see Figures 12 and 34,

respectively).

The effect of gas velocity on ignition for propellant samples

with polymer-rich surfaces can be seen by comparing data for the same

propellants in Figures 50 and 51. The effect of gas velocity on

ignition at low Mach numbers is about the same order of magnitude as

that for propellant samples with cut surfaces. For samples with smooth,

polymer-rich surfaces, one would not expect an effect of gas velocity

on ignition. However, none of the propellant samples used in this

study had perfectly smooth surfaces. Although all of the ammonium

perchlorate particles were coated with polymer, there were always a

few areas where individual crystals in the case of S-propellant and
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agglomerates of small particles in the case of U-propellant that

extended a small distance above the mean surface level. And as

already mentioned, 1-11ntraction of the sample upon removing it from

the oven always left a slightly concave surface. This surface imper-

fection could be essentially eliminated by modifying the sample

holders so that the propellant could be cast from the back side with

the face of the holder pressed tightly against a very smooth surface.

Since the work presented here was of an exploratory nature, all of

the details with regard to sample preparation were not fully developed.

In another part of this study on samples with polymer-rich

surface, thickness of the polymer-rich film over the ammonium per-

chlorate crystals at surface was reduced before samples were cured.

This was accomplished by placing benzene on the surface of the sample,

and then absorbing off the benzene and dissolved polymer. Ignition

data at Mach 0.13 in nitrogen for samples of S-propellant with the

modified polymer-rich surfaces are compared to data with those having

as-cast, polymer-rich surfaces in Figure 52. Experimental data for

these two types of samples are tabulated in Table 8 (Parts II and III).

As would be expected, the samples with a thinner polymer film at the

surface had shorter ignition times than samples with as-cast, polymer-

rich surfaces at equivalent heat fluxes. Data for ignition of S-

propellant with polymer-rich surfaces at Mach 0.28 are also included

in Figure 52. The straight lines represent ignition results for

samples of S-propellant with cut surfaces (see Figure 32).
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IGNITION OF PROPELLANTS WITH SALTED, POLYMER-RICH SURFACES

As a special study to investigate the effect of surface roughness

on ignition, several samples of propellant were prepared by salting

polymer-rich surfaces of U-propellant with 15-micron ammonium perchlorate.

Two procedures were used in preparing the samples. The first Trocedure

was to salt a polymer-rich surface by sifting onto the surface 15-micron

ammonium perchlorate through a 270-mesh screen as soon as the smooth

surface was prepared. With this procedure, the polymer still formed

a thin film over all the ammonium perchlorate crystals and agglomer-

ates as soon as the samples were placed in the curing oven. This

occurred even though a considerable number of the agglomerates extended

above the surface. The second procedure for preparing samples was to

salt the polymer-rich surface after the propellant had been in the

curing oven for three hours at 800C. When this was done, a much thin-

ner film of polymer formed on the crystals and agglomerates, and some

of the agglomerates were not completely covered with polymer. Photo-

micrographs of a salted, polymer-rich surface prepared by the second

method and of a cut surface of U-propellant are shown in Figure 53a

and b. respectively.

Ignition data obtained in nitrogen for samples of U-propellant

with surfaces prepared by these methods are compared graphically with

data for polymer-rich surfaces and cut surfaces in Figure 54 for a

test-gas velocity of Mach 0.13 and in Figure 55 for a test-gas velocity

of Mach 0.28. Ignition data for samples of U-propellant with salted

surfaces are given in Parts III and IV of Table 9.
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a. Polymer-Rich Surface b. Surface Cut with
Salted 3 Hours After Razor Blade (5x).
Start of Cure (OX).

Figure 53

Photomicrographs of Surfaces on Samples of U-Propellant
Prepared by Different Methods.
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Only a few general statements can be made concerning the ignition

characteristics of these propellants. The ignition results for propel-

lant samples prepared by salting a polymer-rich surface with 15-micron

ammonium perchlorate are identified by the narrow lines in Figures 54

and 55. These were drawn primarily for comparing data and the sig-

nificance of the slopes of these lines is not apparent at this time.

The only obvious conclusion which can be attached to these results

is that surface roughness produced by salting the propellant surface

improves the ignitability of U-propellant. The samples with salted

surfaces which had exposed crystals and agglomerates of ammonium

perchlorate had the shortest ignition times at a given heat flux.

It appears that the improved ignitability of these samples is pro-

duced by two-dimensional heating of exposed ammonium perchlorate

crystals and associated secondary ignition reactions which rapidly

bring the propellant to its ignition temperature. It is seen by com-

paring these data with those for samples of F-propellant with cut

surface (Figure 11) that the propellant with exposed ammonium perchlo-

rate particles ignited considerably faster than F-propellant at equi-

valent heat fluxes and at the same Mach number.

Also, as a part of this study, a single ignition run was made on

a propellant sample that was prepared by spraying a 10 per cent ammonium

perchlorate solution on a hot, polymer-rich surface. This was done

after the sample had cured for three hours at 800C. By using an

aspirator to spray the solution, it was found that very small crystals

formed immediately on the surface of the sample as the water evaporated.
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.is single ignition test is represented by the star symbol in Figure

55. Ignition time was about the same as that for propellants with a

salted surface. But in this case the surface roughness was not

greatly different from that for the poIymer-rich surface.

IGNITION OF PRESSED PROPELL TS

A number of pressed propellants were prepared for study in the

shock-tube apparatus. Compositions for pressed propellants are given

in Part II of Table 2. Through the use of pressed propellants, it was

possible to greatly alter physical and chemical properties of the fuel

used in the propellant, and thus obtain information on the role of the

fuel in the ignition process. All of the pressed propellants were

made by thoroughly blending dry ingredients and then pressing the powder

into a cylindrical pellet, 3/8 inch in diameter by 3/8 inch long, under

a pressure of 100,000 psig. If a small amount of moisture was added

to the dry powder, the densities of the pellets were greater than 95

per cent of theoretical based on the densities for individual ingredients.

Pellets of pressed propellants were placed in the cavity of the sample

holder by pressing or by bonding an undersized pellet. The material

which extended above the lip of the molder was removed by sanding with

a fine-grit silicon carbide paper. Ignition data for propellants dis-

cussed in this section are given in Table 15.

Pressed Propellants of Ammonium Perchlorate and Copper Chromite

Propellants containing only ammonium perchlorate and copper chromite

were difficult to ignite, and consequently no quantitative results were

obtained from shock tube tests because of the test time-heat flux
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limitation. Propellant B was pressed from a mixture containing 96

per cent ammonium perchlorate and 4 per cent copper chromite. In one

of the two tests on propellant B at a heat flux of 55 cal/(cm) 2(sec)

a deflagration wave was initiated at the pellet surface, but it was

found upon examining the recovered sample that ignition occurred at

flaws at the pellet surface. One initiation site was a small void

at the interface between the pellet and epoxy-resin bonding agent at

the leading edge of the pellet. A second initiation site was an

agglomerate of copper chromite at the surface. From these two sites,

a deflagration wave moved downstream over the pellet surface. The

deflagration process was apparently intensified downstream by energy

generated by continued burning at the ignition site. Because of the

test time-heat flux limitation in the shock tube no additional tests

were made on propellant B.

Pressed Propellants with Carbon Black Fuel

Ignition of Propellant CB

Propellant CB was the first of two kinds of pressed propellants

tested which contained carbon black as the fuel. Ignition tests were

conducted previously on this propellant in a radiatior furnace by

Baer [8,82] at heat fluxes of 1-12 cal/(cm) 2(sec). The data for

ignition under radiant fluxes have been retabulated from Reference 82

in Table 1. Propellant CB contained 82 per cent ammonium perchlorate,

16 per cent carbon black (Philblack E from Phillips Petroleum Company),

and 2 per cent copper chromite, the same concentration of
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catalyst that was used in F-propellant. The carbon black used in this

propellant was heated for two hours at lO 0 °C to remove all volatile

components.

Samples for ignition tests were prepared either by pressing pellets

directly into sample holders or by bonding the pellets in sample holders

with an epoxy resin. It was found that the epoxy resin surrounding

the pellet did not alter the ignition characteristics of pellets and

smoother surfaces could be obtained with bonded samples. Surfaces

on the pellets were smoothed by removing the last few millimeters of

excess material with a 600-A, silicon carbide paper.

Two batches of CB pellets were manufactured. The first of these,

CB-1, contained a number of carbon black agglomerates, some as large

as 100 microns in diameter, that appeared as soft spots at the pellet

surface. For the second batch of pellets, CB-2. a different procedure

was used for blending ingredients. All of the fine particle-size

ammonium perchlorate, carbon black, and copper chromite were thoroughly

blended by sifting the mixture of powders through a 270-mesh screen

three times, and then thoroughly blending with the coarse particle-

size ammonium perchlorate. The powder was then moistened by spraying

with an atomizer. Pellets produced by this method had densities about

10 per cent higher than those produced by the first method. Samples

were not dried after pelleting, but were held in a desiccator until

used.

Ignition data for pellets of propellant CB-2 in nitrogen and

oxygen for convective heating at Mach 0.28 are presented graphically

in Figure 56 with ignition data obtained in a radiation furnace at low
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heat fluxes. The data for individual tests are given in Table 15.

As was observed earlier for F-propellant, ignition data from convective

heating experiments at high heat fluxes are represented on a plot of

In (F) versus In (ti)l/2 by the straight line extrapolated from the

results obtained in the radiation furnace at low heat fluxes.

It can be seen by comparing the equations for the straight lines

which describe simple thermal ignition of propellants F and CB on

An F versus In (ti)l/2 plots that both systems have nearly the same

ignition characteristics:

For F-propellant:

(t 1 )l/2 = 170/( )0.92  (29)

For CB-propellant:

(ti)l/2 = 165/(F)0 92  (38)

11

Where t.i is in milliseconds and F has the units cal/(cm) 2(sec).

F-propellant and CB-propellant have nearly the same thermal properties

(see Table 4), and the slope of the lines which represent ignition

data for the two propellants on an In F versus An (ti )l/2 plot is the

sane. This suggests that the key ignition reaction is the same for

both propellants. Since carbon black does not appear to catalyze

ammonium perchlorate decomposition and most certainly does not under-

go rapid oxidation at the low temperatures associated with the transient

heating process, it appears as suggested by Baer [8] that the fuel is

not an active participant in the ignition process, but reactions

involving the fuel become important only after thermal ignition of

the ammonium perchlorate. Since pellets of propellant CB-2 had very
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smooth surfaces, the ignition results at a test gas velocity of Mach

0.28 apparently represent simple thermal ignition for this propellant.

This ignition result would be analogous to that obtained on samples

of U-propellant with umooth cut surfaces. No tests were made at gas

velocities greater than Mach 0.28 on propellant CB.

For tests in oxygen on propellant CB-2, the pellets were bonded

in the samnle holders with Fleck's phosphoric acid-copper cement to

preclude reactions between the bonding agent and the environmental

oxygen. The surfaces of the pellets used in these tests were reasonably

smooth, showing only shal.1ow scratches that were produced by the 600-A

silicon carbide paper. The effect of oxygen on the ignition process,

as shown by Figure 56, was relatively small at Mach 0.28.

All of the ignition data obtained on propellant CB-l and CB-2

for convective heating are presented in Figure 57. The tests on

pellets of propellant CB-l gave fairly short ignition times relative

to data obtained from tests in the radiation furnace and on pellets

of propellant CB-2. As mentioned earlier, this was expected since

some rather large agglomerates of carbon black were found at the

surfaces of CB-l pellets that prevented preparation of smooth surfaces.

Some of the pellets of propellant CB-2 which were observed under a

microscope to have small surface cracks and other surface imperfections

also ignited faster. On the other hand, all pellets of propellant

CB-2 which appeared to be free of surface imperfections gave ignition

times in reasonable agreement with the extrapolated line on the in (F)

versus in (ti)1/2 plot from ignition data in the radiation furnace.
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These ignition results on propellant CB with smooth and rough

surfaces are consistent with the results obtained on cast propellants,

and show that secondary ignition reactions can be important for raising

the propellant surface temperature even though a volatile fuel is not

present in the propellant. This observation suggests that the reactive

species generated at the surface by two-dimensional heating of surface

imperfections, which are subsequently involved in secondary reactions,

are primarily ammonium perchlorate decomposition products.

Ignition of Propellant E

One additional propellant containing carbon black (Sterling VR

ffom the Cabot Corporation) was pressed into pellets for ignition

tests. Propellant E had the same composition as one of the pelleted

compositions used by Evans [32] for ignition tests in the arc image

furnace. Propellant E contained 4°5 per cent Sterling VR carbon

black, 2.5 per cent copper chromite, and 93 per cent of ammonium

perchlorate of two different particle sizes. See Table 2 for compo-

sitional details.

It was found that pellets of propellant E with very smooth surfaces

were difficult to ignite by convective heat fluxes in the shock tube.

Indications of ignition were only obtained during two of nine tests

attempted wi h oxygen and nitrogen as the test gas. One pellet which

had a relatively rough surface ignited in a rather short exposure time

in nitrogen. The only other pellet which gave a photocell deflection

was for a test in oxygen. The two data points obtained in these tests

have been plotted in Figure 58. The straight line on the graph is
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that estimated for simple thermal ignition for a pellet having the

thermal properties of propellant E and the same key ignition reaction

as propellant CB. This line was estimated with the aid of Equation

(9) and experimental ignition data on propellant CB. It is interesting

to note that the result for the one test in oxygen lies very close to

the predicted line. Since additional data could not be obtained on

propellant E, ignition results are not compared to those of Evans on a

propellant of the same composition in the arc image furnace.

Pressed Propellants Containing Paraformaldehyde Fuel (Propellant D)

This propellant, except for the type fuel, had the same compo-

sition as propellant CB. Paraformaldehyde was selected as the fuel

for this propellant because of its low sublimation temperature.

Paraformaldehyde has a sublimation pressure of one atmosphere at 1200C.

If the fuel in the propellant is important in the ignition process, it

would be expected that a highly volatile fuel would greatly increase

the ignitability of a given propellant system.

Igaition data obtained from tests on pellets of propellant D are

given in Figure 59. Pellets were either pressed or bonded into the

sample holders. It was found that pressing of pellets into the holders

produced chipping at the edges which resulted in early ignition. When

samples were bonded into sample holders and surfaces were finished with

a fine silicon-carbide paper, ignition times were in good agreement

with data for propellant CB-2 containing carbon black. It was assumed

for purposes of analyzing ignition data that the thermophysical
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properties for pellets of propellant D were the same as those for

propellant CB.

The ignition results on Propellant D when compared to those for

pressed propellant CB and cast propellant F show that the type of fuel

used has no apparent effect on the ignition characteristics of pro-

pellants containing ammonium perchlorate oxidizer. This evidence

further supports the conclusion arrived at earlier that the low-

temperature, exothermic decomposition of ammonium perchlorate is

the key reaction in the ignition process.

IGNITION OF EXTENDED-PHASE PROPELLANTS

This study on extended-phase propellants was undertaken to investi-

gate the role of ingredients in the ignition process. It appeared from

other work that if the polymer and amnonlum perchlorate could be segre-

gated into extended phases in a propellant system, it would be possible

to obtain information on their respective contributions to the ignition

process.

For preliminary studies, samples were prepared by bonding a half-

cylinder of pressed ammonium perchlorate into the sample holder and

then filling the remainder of the free volume with uncured propellant

binder. Figure 60a shows a photomicrograph of a propellant sample

prepared in this manner. Other samples were prepared by drilling

small holes in the face of a mounted pellet and then filling the holes

with uncured polymer (see Figure 60c). Some samples were prepared by

placing the polymer directly on the surface of the pellet. This was

done by placing a small drop of polymer at one or more locations on
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a. Before Test. b. After Test.

c. Before Test. d. After Test.

Figure 60
Photomicrographs (5X) of Surfaces on Extended-Phase Propellants. Gas
Flaw Across Surface was from Left to Right. Samples were prepared
from Cylinders of Pressed Propellant B and F-Propellant Binder.
Photomicrographs a and b are for Run No. 41-20-3- Photomicrographs
c and d are for Run No. 1-i25-5.
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surface, or by diluting the polymer with a solvent and painting a

thin coat on the face of the pellet. When curable polymers were used,

samples were cured at 80 0C for seven days. Information on sample

preparation and results of ignition tests on these propellants are

summarized in Table 16.

For ignition tests on samples made from half-cylinders of pressed

oxidant, precautions were taken to ensure proper alignment of samples

in the test section so that effects of gas flow could be ascertained.

No special precautions were taken to align samples prepared by dif-

ferent methods in the test section, but the direction of flow of the

hot gas over the surface was al:.ays noted.

Two types of pressed oxidant, propellants A and B, were studied.

Propellant A was pressed from pure amnmonium perchlorate, and propel-

lant B was pressed from a powder composed of 96 per cent ammonium

perchlorate and 4 per cent copper chromite. When samples prepared

from half-cylinders of propellant A and F-propellant binder were

tested, small cracks appeared at the surface of the pellet, but no

evidence of ignition was ever observed as monitored by a photocell,

even though F-propellant binder contained 10 per cent of copper chromite.

This result indicated that only catalysts in the oxidant phase affect

propellant ignition. Samples prepared from pellets of propellant B

with 4 per cent copper chromite were used for all subsequent tests.

The polymers used in these tests were F-propellant binder, G-propel-

lant binder, aid Krylon brand acrylic resin.

One of the interesting features of shock tube tests on extended-

phase propellants was that deflagration of propellants was always
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extinguished either by the arrival of the reflected rarefaction wave

or by the mixing of cold driver gas with the test gas. The recovered

samples could then be examined microscopically to determine where

deflagration was initiated. Phctomicrographs of surfaces of two

recovered samples are shown by Figure 60b and d.

All of the relevant information for ignition tests on extended-

phase propellants, including a description of microscopic obsellations

of propellant surfaces after the tests, is given in Table 16.

The results of this study showed that extended-phase propellants

made from half-cylinders of pressed propellant B ignited more con-

sistently and in shorter times when the hot, convective gases flowed

over the polymer first. Under these test conditions, when ignition

occurred, the pellet of pressed propellant always ignited at the polymer-

pellet interface. From this location the deflagration vave spread

downstream over the pellet surface. When the samples were rotated 1800

so that hot gases passed over the pellet face first upon entering the

test section, ignition never occurred at the pellet-polymer interface,

but when the sample ignited, ignition always occurred at imperfections

at the pellet surface or at the interface between the pellet and the

epoxy resin bonding agent. For this test condition ignition times

were always longer. For samples prepared by filling cavities in

the face of the pellet with polymer or when small buttons of polymer

were placed on the surface of the pellet, ignition occurred at the

downstream polymer-pellet interface and then spread over the pellet

surface. This is shown by the photomicrograph of Figure 60d.
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The fact that ignition almost always started at the polymer-pellet

interface when the hot gas flowed over the polymer first is consistent

with results on cast propellants. Since the thermal properties of the

polymer and binder are considerably different, the surface temperature

of the pellet would be highest at the interface and ignition would be

expected to occur at this location. A second reason that deflagration

would be initiated at the interface is that it was impossible to pro-

duce a perfectly smooth transition between the polymer and the pellet.

The slight discontinuity would provide a site for two-dimensional

convective heating which would further increase the interface

temperature.

Since ignition, as determined by microscopic examination of the

extinguished propellant surface, never occurred at the interface vhen

the perchlorate pellet was upstream, it appears that for this test

condition simple thermal ignition of the ammonium perchlorate pellet

is the controlling process. For this test condition the interface

was not raised to the thermal ignition temperature of the pellet and

deflagration was not initiated. On the other hand, for tests in

which the polymer was upstream, ammonium perchlorate decomposition

products generated at the interface are swept over zhe face of the

pellet where exothermic, catalyzed surface reactions occurred among

these decomposition products supplying additional energy to help raise

the temperature of the pellet surface to its thermal ignition

temperature.
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It should be noted that no evidence of ignition was observed when

pellets of pure ammonium perchlorate were used in extended-phase

propellants, even though a smooth interface did not exist between the

pellet and the polymer. Also, it was noted that the kind of polymer

used had no observable effect on the ignition characteristics of

extended-phase propellants. Three types of polymers were used:

(1) G-propellant binder composed of 85 per cent polybutadine-acrylic

acid copolymer and 15 per cent Epon 828; (2) F-propellant binder had

the same ratio of polymeric ingredients, but contained 10 per cent

copper chromite catalyst, which is an amount equivalent to that used

in the F-propellant composition; and (3) Krylon acrylic resin which

was painted on the propellant surface.

As a supplementary study on ignition of extended-phase propellants,

high-speed motion pictures were taken of propellant surfaces during

ignition tests. Because of the low luminosity of the surface reactions

for this kind of propellant, it was difficult to follow the ignition

and deflagration processes. The best details were observed for a

system composed of a half-cylinder of propellant B with F-propellant

binder. This run was made with the polymer upstream. As expected,

deflagration was initiated at the pellet-polymer interface and then

spread rapidly over the remainder of the pellet surface. The reaction

wave which moved across the surface extinguished and then reinitiated

several times by what appeared to be a diffusion flame at the polymer-

pellet interface.

The results of this study indicate that the thermal decomposition

of ammonium perchlorate is the key reaction in the ignition process
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and that the binder-fuel does not actively participate in the ignition

process, and only after thermal ignition of the ammonium perchlorate

occurs do reactions involving the polymer become important.



CHAPTER VIII

CONCLUSIONS

Through an analysis of the results on propellant ignition obtained

in the research for this thesis and the information available from

previous studies on propellant ignition, it is now possible to arrivp

at some rather firm conclusions about the ignition process for

ammonium perchlorate-oxidized, composite propellants.

1. Ammonium perchlorate, composite propellants undergo ignition

through a simple thermal process in which the temperature at

the surface of the solid phase determines the ignition

characteristics of the propellant. The slow process in

ignition is the heating of the propellant surface to its

thermal ignition temperature.

Thermal Ignition Theory Predicts: Ignition of the propellant

occurs when the solid, surface temperature reaches the level

at which "boot-strapping" exothermic reactions supply heat

flux at the surface of a level greater than that supplied

externally. Furthermore, the ignition time for a given

propellant, subjected to external heating, is a function only

of the applied heat flux, F, the initial propellant temperature,

To 0and the kinetics of the key ignition reaction, Equation (9).

Thermal ignition theory says that In (ti) is linear in In (F),

and the slope of the line which represents ignition data on a
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plot of In (F) versus In(t) /2 is simply related to the

activation energy of the key ignition reaction. This ignition

process has been defined as simple thermal ignition in this

work.

Experimental Data Show: Ignition data for cast propellants

with a PBAA binder-fuel and catalyzed with 2 per cent copper

chromite correlate with a single ti F relationship

t. (f)1.8 - = 28.94 (24)

(where ti is in seconds and P has the units of cal/(cm) (sec);

for an initial, uniform propellant temperature of about 3000K)

for low radiant heat fluxes, F in the range of 1 to 13 cal/(cm)2

(sec); and also with the same relationship at higher convec-

2
tive heat fluxes, F in the range of 70 to 160 cal/(cm) (sec),

provided (1) the gas velocity across the propellant surface

is greater than about 400 m/(sec) or (2) the surface is

smooth (surface roughness less than about 5 microns).

Similar ti, F relationships with a (ti) dependence on F with

an exponent of -1.84 apply for uncatalyzed, cast propellant

at low radiant heat fluxes, and for pressed propellant of

carbon black, ammonium perchlorate, and copper chromite at

low radiant fluxes and at higher convective fluxes for

pressed propellants with smooth surfaces. A single t i ,

relationship correlates data for all of these propellants at

low radiant heat fluxes and high convective heat fluxes if the

parame-ters are made dimensionless as suggested by thermal
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ignition theory to account for different therniophysical

properties and different values for the pre-exponential

factor, B, defined by Equation (7). Ignition data for cast

propellant G (uncatalyzed) and propellant F (catalyzed with

2 per cent copper chromite), and pressed propellant CB

(with 2 per cent copper chromite) are plotted in the form of

a dimensionless heat flux, In (Fl), versus a dimensionless

ignition time, In (ti)l/2 , in Figure 61. Data used for

construction of this graph are tabulated in Table 17.

2. The key ignition reaction in the simple thermal ignition

process involves only the ammonium perchlorate; fuel ingred-

ients play a secondary role.

Experimental Data Show: Application of thermal ignition

theory to data for cast propellants with or without copper

chromite for tests in which the propellant ignites by a simple

thermal ignition process, i.e., at low radiant heat fluxes

or at high convective heat fluxes for the conditions des-

cribed in connection with the first conclusion, gives an

activation energy of 30 kcal/(mole). The activation energy

for the catalyzed or uncatalyzed, low-temperature, thermal

decomposition of ammonium perchlorate has been found from

independent experiments to be about 30 kcal/(mole). Also,

ignition data for propellants with either a polymer-fuel or

a non-volatile fuel of carbon black give the same activation

energy. The fact that ignition data for propellants with
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Figure 61

Ignition Data for Simple Thermal Ignition of Propellants F, G, and CB
Plotted in Dimensionless Form as Suggested by Thermal Ignition Theory.
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either a polymer-fuel or non-volatile, solid fuel correlate

with a single tj F relationship if the parameters are put in

dimensionless form is further support for this conclusion

(see Figure 61).

3. The ignitability of propellants, which contain either copper

chromite or iron oxide and have surface irregularities, is

improved at low gas velocities by secondary ignition reactions

at the surface which augment the externally applied heat flux

from the hot, convective gases. A suitable environment for

secondary ignition reactions, either gas-phase or heterogeneous-

surface reactions, is established at the surface by two-

dimensional heating of irregularities that produce localized

hot spots on the surface. Reactive species are generated at

these local areas of higher temperature and undergo further

exothermic reactions at or near the surface. Environmental

factors in convective heating experiments, such as (1) gas

velocity across the propellant surface, (2) temperature of the

convective gas, and (3) oxidizing species in the convective

gas, affect only the secondary ignition reactions for pro-

pellants with rough surfaces and affect the over-all ignition

process only to the extent that these secondary ignition

reactions augment the heat flux supplied externally to the

propellant surface.

Experimental Data Show: When propellant surfaces are rough

(irregularities greater than about 5 microns) ignition times

increase at equivalent convective heat fluxes as the gas
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velocity across the propellant surface is increased from low

velocities, about 50 m/(sec), up to about 400 m/(sec). At

higher gas velocities, irrespective of normal surface

irregularities, ignition times are not affected by gas

velocity and ignition times for propellants catalyzed with

2 per cent copper chromite are those defined by Equation (24)

for simple thermal ignition. For propellants with smooth

surfaces, ignition times are not altered by the velocity of

the convective gas and ignition times are those expected for

simple thermal ignition. The effect of a higher test-gas

temperature at a given heat flux level is to reduce the

ignition time for propellants with rough surfaces. Oxidizing

species in the test gas affect only the ignition of propellants

with rough surfaces. These observations suggest that, (1) at

higher gas velocities reactive species generated by two-

dimensional heating of surface irregularities are diluted and

swept away by the fast-moving gas before they can react;

(2) for propellants with smooth surfaces, the surface

temperature of the propellant rises at a slower rate and the

temperature distribution at the surface is more uniform,

consequently no appreciable concentration off reactive species

is produced at the surface; and (3) oxidizing species in the

heating gas participate only in the secondary ignition process.

Ignition studies on propellants with smooth surfaces with

oxygen as the test gas have shown that heterogeneous attack
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on the propellant surface by oxygen does not contribute

importantly to the ignition process. When secondary ignition

reactions contribute heat flux for heating the propellant

surface, ignition data may still correlate by a simple ti,

P relationship, but the slope of the line that represents

the data is no longer simply related to the activation

energy of the key ignition reaction.

4. Additives used in propellants for enhancing the burning rate

can affect the ignition process in two ways. Their contri-

bution is dependent on the nature of the propellant surface

and the kind of catalytic activity they exhibit. Additives

can catalyze the decomposition of ammonium perchlorate which

consequently alters the basic thermal ignition process, or

they can catalyze both the decomposition of ammonium per-

chlorate and secondary ignition reastions, presumably at

active sites on the surface. Copper chromite and ferric

oxide affect both the simple thermal ignition and the

secondary ignition process.

Experimental Data Show: At low radiant heat fluxes, propel-

lant F (with 2 per cent copper chromite) had shorter ignition

times at equivalent heat fluxes than propellant G (without a

catalyst). See Figure 4. The fact that catalyzed propel-

lants with rough surfaces ignited in relatively short times

in convective heating experiments, and propellant G did not

ignite, indicates that ferric oxide and copper chromite also

catalyze secondary ignition reactions.



CHAPTER IX

RECOMMENDATIONS FOR FURTHER RESEARCH

The following additional studies on propellant ignition are

recommended:

l° A method should be developed for preparing very smooth sur-

faces on cast propellants containing large particles of

ammonium perchlorate sc that the effect of oxidizer particle

size on the simple thermal ignition process can be more

fully evaluated. This study could also provide information

on the response of a heterogeneous propellant surface to

high, externally applied heat fluxes. To obtain meaningful

results, ammonium perchlorate particles must be exposed at

the propellant surface.

2. The ignition of propellants with rough surfaces at low test-

gas velocities, say 5 to 25 m/(sec), in both neutral and

oxidizing gases should be investigated. Extremely low gas

velocities could not be studied in the work for this thesis

because of the test-period limitation in the shock-tube

apparatus°

3. Ignition of propellants with rough surfaces at lower con-

vective-gas temperatures, in the range of 600 to 7000 K, should

be studied to see if secondary ignition reactions are still

important. This study could provide information on the

nature of the secondary ignition process.
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4. Further work is required to determine the effect of catalysts

on the simple thermal ignition process. Uncatalyzed ammonium

perchlorate propellants could not be ignited in the shock

tube bccause of the test-period limitation. Uncatalyzed pro-

pellants should be thoroughly studied in convective heating

experiments to provide data which can be compared to results

obtained in radiant heating experiments and to those on

catalyzed ammonium perchlorate propellants obtained in the

research for this thesis. Both combustion and ammonium

perchlorate decomposition catalysts should be evaluated

further to study their effect on the ignition process. It

would be of interest to obtain data on both cast and pressed

propellants in these studies.

5. Ignition data are needed on the same propellant from both

radiant and convective heating experiments at high heat

fluxes for a wide range of test pressures. Initial studies

should be performed on propellants containing carbon black

or on propellant samples coated with a thin film of carbon

black to ensure absorption of all radiant energy at the

propellant surface.

6. To obtain more information on the nature of secondary ignition

reactions associated with the ignition of propellants with

rough surfaces, gas-phase combustion catalysts should be

added in small concentrations to the test gas.
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7. Measurements of propellant surface temperature during ignition

experiments could reveal additional information about the

ignition process. Measurements should be made on propel-

lants with both rough and smooth surfaces.

8. The propellant ignition process should be photographed at

low film speeds to see if luminous secondary ignition

reactions are visible at the surface before a combustion

flame appears. The shock tube would be a useful tool for

this work because there would be no background radiation.

9. More realistic polymer-rich surfaces should be looked at,

with an attempt to simulate the kind of polymer-rich

surface that is formed when uncured propellant is cast around

a mandrel. The distribution of oxidizer particles in the

surface layers should be examined and the information used

for calculating heat flux at the surface of ammonium per-

chlorate particles during ignition runs so that the experi-

mental data can be evaluated with respect to thermal ignition

theory.

10. An obvious extension of the work described in this thesis

wcild be a study on the ignition of propellants containing

high-energy, metal fuels.
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APPENDIX A

DESCRIPTION OF SHOCK-TUBE APPARATUS

For an ideal shock tube the process by which the gases are heated

is illustrated by the xt diagram in Figure 62. This diagram describes

the gas-dynamic processes which follow the bursting of a diaphragm

separating the low- and high-pressure gases in the shock tube. When

the diaphragm bursts, the incident shock wave moves through the undis-

turbeO gas in the driven end of the tube at a velocity which can be

defined in terms of pressure ratio across the diaphragm and properties

of the two gases. Meanwhile, the contact surface between the shock-

heated gas and the cold, partially expanded driver gas follows the

incident shock wave at the particle velocity of the gas. The incident

shock wave is reflected at the closed end of the tube and moves back

through the partially heated gas. The action of the reflected wave

stagnates and again heats and compresses the gas in its path. It is

this twice-heated gas behind the reflected shock wave that was used in

these ignition studies. This corresponds to region 4 of the xt

diagram.

If shock tube conditions are carefully controlled, the movement

of the contact surface between the hot and cold gases can be stabilized

with respect to the shock tube. Under this condition the interface is

said to be "matched" or tailored." The location of the stabilized

contact surface in the driven end of the tube is dependent on the

length of the driven end of the shock tube, strength of the incident shock

wave, and properties of the driven gas. If the interface is matched,
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the reflected shock wave moves directly through the interface without

interaction, thus providing a reservoir of relatively quiescent high-

temperature gas.

When the diaphrGm bursts and the incident shock moves into the

driven end, the head. of the isentropic rarefaction wave moves at the

velocity of sound in the opposite direction through the high-pressure

driver gas. The foot of ithe rarefaction wave will either follow the

head of the wave or move in the opposite direction into the driven

end at a much lower velCcityo For a well-designed shock tube, it is

the arrival of the reflected rarefaction wave at the test position

that determines the length of time that shock-heated gases are avail-

able for test purposes.

ADAPTATION OF THE SHOCK 'TPBE FOR !G 1'-TION STUDIES

The shock tube used in this work is the same one used by Baer

[6, 9] for previous ignittcn studies on solid propellants. For this

work the length of the drven section, the tube length from diaphragm

position to entrance of th.e test secsfon., was increased from 11.3 to

15.5 ft- and a new test section design was used0  This shock tube has

an inside diameter of 1 7/8 in,, an outside diameter of 2 3/4 in., and

a driver secticn with a. length of 52.4 ft.

The driven section of the shock tube was modified at the end

opposite the diaphragm poEItion to accommodate the new test section.

Figure 5 is a cutaway sket... of the driven end of the shock tube

showing the position of the test. section and Kistler, Model 601,

quartz pressure pickup,, T.e test section was inserted from the end
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of the tube and held in position by a retaining flange. A more detailed

sketch of the test section is given in Figure 6 showing the propellant

sample holder, flow-control orifice plate, and quartz window.

The test section has a constant-area flow channel, 1.15-in. long

by 0.500-in. wide by 0.250-in. high, with a bell-shaped entrance region.

The bell-shaped entrance has a radius of curvature of 0.10 in. The

center line of the window and propellant sample holder is 0.50 in. from

the intersection of the bell-shaped entrance and the constant-area

channel. The orifice plate is positioned on the downstream face of the

test section with two small guide pins and held in place with two cap

screws. A piece of vinyl or Teflon plastic tape served as the gasket

between the orifice plate and the test section. Silicone grease was

used between the quartz window and the test section to ensure a leak-

proof seal. All other gas-tight seals were made with O-rings.

The orifice plates were made from 10-in. diameter steel disks with

a thickness of 0.25 in. Three., critical-flow orifices with converging

entrance sections were machined in each plate. Three orifices were

used for flow control to give a more uniform flow pattern in the rectan-

gular cross-section test channel. Each orifice plate was calibrated

under critical flow conditions by the method described in Appendix G.

Figure 63 is a schematic representation of the shock tube pres-

surization system. The shock ube was designed for remote operation

and the test cell was separated from the control room by a concrete

wall containing a steel door. The shock tube was fabricated from several

lengths of cold-drawn tubing. Each length was flanged and the seals

between sections were made with O-rings.
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FACTORS INVOLVED IN TEST SECTION DESIGN

Several factors were considered in the design of the test section

used for ignition studies. First it was required that the flow channel

have a rectangular cross-section. A flat wall facilitates the prepara-

tion of propellant samples and provides a uniform surface for observing

ignition with high-speed photography. A second factor considered was

the nature of the acoustic disturbance produced when the shock wave

enters the test section. It is well known [20, 67] that the strength

of the shock wave is increased upon entering a reduced cross-section

channel. The reflection of this shock wave at the orifice plate pro-

duces a transient acoustic disturbance in the test section which decays

rapidly in a short channel. The effect of channel length on the decay

rate of this disturbance was studied by McCune [67]. A third consider-

ation in the design of the test section was heat transfer to the wall.

For hot gases entering a tube, convective heat transfer to the wall at

the leading edge is much greater than it is several diameters downstream.

Consequently, the test position was located very near the leading edge

to take advantage of the higher heat transfer rate.

In terms of details of the test section design, critical toler-

ances were required on the test-section flow channel, heat flux gauges,

and propellant sample holders to ensure reasonably flush mounting of

heat flux gauges and propellant samples with test-section wall. The

allowable tolerances on the length of heat flux gauges and propellant

sample holders were + 0.001 in0 and + 0.002 in., respectively. The

average variation of the propellant surface from the flush mounted

position was found to be about + 30 microns, and that for the heat flux

gauges about + 15 microns. Although precautions were taken to ensure
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flush mounting of prope2.ant samples. it was found experimentally

that ignition times for propellant samples mounted as much as 100

microns below the plane of the wall were in good agreement with t'hose

that were nearly flush with the wall.

DESCRIPTION OF SHOCK-TTBE INSTRUMENTS

The information which is needed from c shock tube run to chaxac-

terize propellant ignition in ters of mean heat flux to the propellant

surface is (1) the velocity of the incident shock wave. (2) pressure

history in the shock tube near the test section, and (3) ignitior time

for the propellant. Other informa:ion needed for making cal_.:ulations

is obtained from initial shock-tube conditicns and static measur'ments.

Figure 64 shows the arrangement of the test instruments for an ignition

run .

Thin-film resistance thermometers mounted firsh with the shock-

tube wall were used as shock sensors,. he temierature rise of the

shocked gases changes the resistance of the thin platinum f ,i.unted

on tre flat surface of a pyrex cylinder, T'he temperature rise is

detected as a change in eirif across the platinum strip and the signal

is amplified by a high-gar a-c ampl'fler0  .he amplified signs! is

used. for star'ting or stopping a Berkeley, Model 7250 (10 microsecond),

time-interval meter and for triggering the sweep of an oscilloscope,

For the shock tube described by Figure 64, ihe first shock sensor was

mounted 2038 ft, from the diaphragm separating the high- and low-pressure

sections of the tube. The signal from this sensor started both time-

interval meters . A second and third sensor, 8000 and 12o00 ft., respec-

tIvely, downstream of the first were used for stopping the timers. The

--- ' I'".. .. -, -':' " -'" " " " ' " -
-

- - .- , '---- -,,- - . - ".. . z-- '- " ...
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third sensor only 13.6 in. from the test section also triggered the

oscilloscope sweep, With this triggering scheme, shock-wave velocities

were measured with a maximum error of + 0.5 per cent. Further informa-

tion on the manufacture and use of the resistance-thermometer shock

sensor can be fobuad in Reference 67.

For monitcrir, the pressure in the shock tube, a Kistler, Model

601., quartz pressure plci:up in conjunction with a Model 568 charge

amplifier, was asee. The output signal from the charge amplifier was

placed in cne channel cf a Tektrcnix, Model 502, dual-beam oscilloscope.

The other oscilloscoDe channel was used for displaying the signal from

a 1P40 gas photodiode used for ignition time measurements. The 1P40

photocell viewed tha propeliant surface through a window opposite the

propellant sample position as sbown in Figure 5. The 1P40 photocell

has a response z-me of aocut 200 mizroseconds and has peak sensitivity

to radiation in the infrared range a- 8000 angstrom units. A direct

signal from the photcceal and -00e derivative of the signal were

displayed on one be. ; of Tlte csc.l-Loscopeo This was a, comp..ished by

passing the photocell s1gna:. througL ttte A input of an electronic

switch. The amp.iUfied outpLt w.- differentiated by an RC circuit with

a time ct-ns-t&nI of 100 rr:icrosecondso The differentiated signal was

then returned to the B :npu& of the electronic switch. Both of these

signals, along with that fyoyr the pressure pickup, were displayed on

tne screen of the dual-beaxa oscilloscope ('i.ektronix 502) and recorded

with a PcLiar..,id band rr.merso P or many of the ignition runs, two dual-

beam ci'llcscores were used. wvith parallel circuits. One scope was
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operated with a fast sweep rate for measuring ignition time and che

second was used with a slower sweep rate for observing the beha-itor

of the propellant burning after ignition.

For heat transfer measurements in the test section, the propellant

sample holder was replaced with a hgat flux gauge0 For these runs only

the temperature history of the heat flux gauge and pressure in the

shock tube were monitored during runs. As for the igntion runs.,

signals from these sensors were displayed on the screen of a Model 502

oscilloscope and permanently recorded with a Polaroid camera.



APPE10DIX B

EXPERIMENTAL PROCEDURE

To obtain the longest possible test period for the length of tube

used, the shock tube was operated with a "matched" interface contact-

surface in the driven section. This required careful control of initial

shock-tube conditions.

In theory, it is possible to calculate from shock relations the

required pressure ratio across the diaphragm ard the compositions of

the driver gas which will give the desired shock velocity in the driven

gas selected. However, because of factors such as attenuation of the

incident shock wave in the driven section, it is difficult tc predict

exactly the performance of a given shock tube without experimental

characterization. In this work mixtures of helium and air were used as

the driver gas. The driven gas was usually nitrogen; but air, oxygen

and argon were also used.

The normal procedure employed for making an ignition or heat

transfer run in the shock tube was as follows:

1. The entire shock tube was flushed 2 efore each run with dry

compressed air.

2. A copper diaphragm was then scribed and positioned between

the driver and driven sections. At the same time the

bolenoid-driven diaphragm-bursting needle was reposi-

tioned.

3. A propellant sample was prepared and placed in the test

section, and the end of the driven section was sealed to the

atmosphere with a rubber stopper.

-256-/



- 257 -

4. The driver section was partially pressurized.

5. The driven section was adjusted to the required pressure

level. When gases other than air were used in the driven

section, the driven section was evaculated to 10 mm absolute

pressure and then refilled to atmospheric pressure. This

operation was repeated three times for nitrogen, oxygen, and

argon.

6. The pressure in the driver section was then slowly increased

to the diaphragm burst pressure. (To ensure good mixing of

driver gases, the gas entered the tube through 0.039-in.

diameter holes drilled at 6-inch intervals in the tube wall.)

Meanwhile, the triggering system for the oscilloscopes and

time-interval meters was checked for proper functioning, and

instruments were readied for recording data.

7. The diaphragm was burst and data were recorded.

When all systems were functioning properly, it was possible tc complete

a test in 20 minutes.

In addition to the normally followed procedure, special checks were

made at regular intervals to ensure that all electronic instruments were

operating properly. All electronic instruments were given an adequate

warm-up period. The oscilloscopes were checked for vertical deflection

against a calibrated signal each morning and one or two times during

the day. At regular intervals the sweep rates of the oscilloscopes

were compared with a crystal-controlled time calibrator. The time-

interval meters were very reliable; however, elapsed time measurements

were compared with signals from shock sensors by recording the signals



-258-

from the shock scnsor via an oscilloscope and Polaroid camera. To

ensure accuracy a signal from a time calibrator was superimposed on

Polaroid recording of the shock sensor signals.

As mentioned previously, the Kistler, Model 601, pressure pickup

and Model 568 charge amplifier iere standardized against the daad-

weight tester in millivolts output per psig.

For heat transfer tests it was necessary to adjust the heat flux

gauge circuitry for ambient temperature changes during the day and then

readjust vertical sensitivity of the oscilloscope to correspond to the

heat flux gauge output. A description of the heat flux gauges is given

in Appendix H.

The copper sheets used for diaphragm material were scribed by

slowly moving a sharp-cornered' machine tool across the sheet. The

machine tool was moun.ted at a 45-degree angle, relative to the face of

the copper sheet, on a slide which could be weighted to control the

scribe depth in the copper sheet. It was found that relatively deep

scrtbe marks were required to ensure consistent results and prevent

fragmentation of the copper. With these precautions, diaphragms

could be pressure burst within 5 psi of the desired pressure. For

shock tube operation at 250 and 350 psig a cold-rolled, annealed

copper sheet 0.01-in, thick was used. Copper sheet with a thickness

of 0.0075 in. was used for lower operating pressures.

The diaphragms were crimped around a plate with a square perfo-

ration and then positioned between the driver and driven sections of

the shock tube. The perforated plate having diagonals of the same

dimensions as the inside diameter of the tube was placed on the low-
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pressure side of the diaphragm. The diaphragms were scribed so that

the scribe marks matched the diagonals of the plate. The diaphragm

and plate were held in position between two flanges, and during

pressurization of the driver section the copper sheet expanded through

the opening in the plate. The diaphragm was then ruptured by increasing

the driver pressure a small amount or by striking it along a scribe

mark with a solenoid-driven needle.

Both the driven and driver sections of the shock tube were cleaned

frequently by pulling a damp cloth or one saturated with carbon tetra-

chloride through the tube with a nylon cord. The presence of a few

dust particles in the driven gas did not interfere with photocell

detection of ignition when nitrogen, air, or argon were used. However,

with oxygen as the driven gas there was considerable deflection of the

photocell signal produced by hot, incandercent dust particles inmediate-

ly following the passage of the reflected shock wave. This contribution

to the photocell signal lasted for only one or two milliseconds and did

not preclude the determination of ignition time from oscilloscope

recordings.



APPENDIX C

STUDIES FOR CHARACTERIZING SHOCK TUBE AND TEST SECTION

In order to assess quantitatively the rate of energy transfer

to the propellant surface during ignition tests, it was first neces-

sary to determine heat transfer to the test section wall in terms of

shock parameters and flow rate of the convective gases. To provide

this information, the following preliminary studies were conducted:

(1) discharge coefficients were determined for flow-control orifices

under critical flow conditions, (2) attenuation of the incident shock

wave was measured so that properties of the shocked gases could be

evaluated at the entrance to the test section, and (3) heat transfer

to the test section wall at the sample position was measured for

various shock-tube conditions,

CONTROL OF GAS VELOCITY THROUGH TEST SECTION

Heat transfer to the wall of the test section and therefore to

the propellant surface under convective heating is controlled primarily

by three variables: pressure, temperature, and velocity of the convec-

tive gases. The pressure and temperature of the convective gases are

dependent on initial shock-tibe conditions. However, in order to

increase the versatility of the shock-tube apparatus and also to study

the effect of gas velocity on propellant ignition, it w&s necessary to

control the flaw rate of the gas through the flow channel of the test

section. For this purpose five different orifice plates were manufac-

tured having flow areas ranging from 15 to 50 per cent of the area of

- 260 -
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test-section flow channel. Each orifice plate had three, circular

cross-section orifices with a converging entrance region. Three orifices

were used, as shown by Figure 6, to improve the flow pattern in the test

"s ec tion.

Unless special precautions are taken in the design and manufacture

of flow-control orifices. it is not possible to predict their flow

characteristics with any degree of confidence. Furthermore, with three

orifices close together in the plate some interference with gas flow

would be expected. It was thus necessary to calibrate the orifice plates

under conditions similar to those under which they would be used. A

rarefaction tube was used for determining discharge coefficients for

these orifices at pressures of 100 to 150 psig. A summary of results

from this study is given by Table 18 and details of the experimental

method employed are discussed in Appendix G.

ATTENUATION OF INCIDENT SHOCK WAVE

For calculating properties of the gases behind the reflected shock

wave, it was necessary to know the strength of the incident shock wave

as it reached the end of the tube. Because of viscous and heat trans-

fer effects at the wall of the shock tube, the shock wave is atten-

uated as it moves through the driven section. The extent of this

attenuation cannot be predicted exactly for a given shock tube, but

can be easily measured.

Under normal shock-tube operation, measurement of the shock

velocity was made by the arrangement shown in Figure 64. This provided

a longer time interval for r isurement when only two time-interval

meters were available for use. To obtain data on attenuation, a
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third time-interval meter was included and an additional shock sensor

was placed in the shock-tube wall 4.00 ft. from the first. The

circu#ry was arranged so that each time-interval meter measured the

average shock v~elocity over a 4.00-ft. section of the tube. From

these data an average Mach number was obtained for positions 2.00, 6.00o,

and 10.00 ft. from the first shock sensor. The information from these

measurements was put in the form shown by Figure 65, and the Mach

number ME, at the end of the tube was determined by extrapolating these

data to the end-wall, 13.13 ft. from the first shock detector. Conver-

ting the average values of Mach numbers over each station to local

values and extrapolating the data via a quadratic equation gave, within

experimental error, the same value for ME as the extrapolation of

average values. Each point on the graph of Figure 65 is an average of

15 to hO individual measurements for different, initial shock-tube

conditions. The maximum deviation of any single value from the aver-

age is less than 0.5 per cent. From these results it was possible to

calculate ME directly from the average Mach Number between stations 1

and 3, and 1 and 4. The Mach Number at the end of the tube for nitro-

gen, air, and argon driven gas can be represented by the following

equations:

ME= 0.933 M13 (C-l)

ME = oo947 M (C-2)

The subscripts refer to the positions of the shock sensors starting

and stopping the timers.
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Figure 65

Attenuation of Incident Shock Wave in Air, Nirogen, or Argon.
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It was found from this study that amount of attenuation of the

incident shock wave was almost independent of Mach Number, driver gas

pressure, and type of driven gas used.

HEAT TRANSFER TO WALL OF TEST SECTION

The heat transfer to the test-section wall at the test position

was measured with heat flux gauges (thin-film platinum resistance

thermometers bonded to a substrate of Pyrex 7740; Pyroceram 9608; or

alumina, Alsimag 614. Liquid Bright Platinum, No. 05X, manufactured

by the Hanov7a Liquid Gold Division of Engelhard Industries, was used

for preparing the resistance thermometers. The details of procedures

used for manufacture and calibration of heat flux gauges are given in

Appendix H. Figure 66 is a photograph of a heat flux gauge element

and two assembled gauges. This type of heat flux gauge has a response

time of a few microseconds [92] and faithfully records the temperature

history at the surface of the substrate material. The experimentally

measured temperature-time data were converted to heat flux at the

gauge surface, or heat transfer coefficients were evaluated directly

from temperature-time data through the application of unsteady-state

heat transfer theory.

Nature of the Heat Transfer Problem

Heat transfer to the wall of the test-section flow channel can

be compared to that for convective heat transfer to the wall in the

entrance region of a tube. A reasonable assumption as to the nature

of -the gas flow in the entrance to the test section, for the experi-

mental arrangement used in this work, is that the hot gases enter the
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Figure 66
Photograph of Heat Flux Gauges. Assembled Gauges haveSubstrates of Alumina0 Gauge Element in Foreground was
Made of Pyrex 7740.
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test section with a uniform velocity and temperature distributiona,

and that the boundary layer begins its development at the leading edge

of the constant-area channel. For a bell-mouthed entrance the develop-

ment of the boundary layer begins near the intersection of the bell-

shaped entrance and the constant-area flow channel. For this flow

condition, the heat transfer coefficient will be very large at the

leading edge and will then decrease rapidly with distance downstream

from the entrance region. At several tube diameters from the leading

edge, the heat transfer coefficient takes on a constant value and no

longer changes with distance. The form of the boundary layer at the

wall in the entrance region is dependent on Reynolds number and the

turbulence intensity in the free stream. The boundary layer at the

wall can then be either a laminar., a ;urbulent, or a transition

boundary layer, depending on the above factors. Since fluid flow and

heat transfer to the wall in the entrance region are not well under-

stood., it is not always possible to predict the heat transfer to the

wall in this region without the aid of experimental data.

A number of analytical and experimental studies have been reported

in the engineering liter-at'Lre for laminar and turbulent flow in entrance

regions of tubes, but only cursory studies are reported for transition-

region flow. Some of this earlier work that is related to the study

conducted here is discussed in the following paragraphs.

Latzko [59] made the first theoretical analysis of turbulent

heat transfer in the entrance region of a tube. The complex equations

derived by Latzko for uniform velocity and temperature distribution at

the inlet were simplified by Iverson [147] to the following form:
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0.1144

.9 D_ (c-3)h =0.34 (RE D)0"2214 x

This equation applies for the entrance region where x/DH is less than

(ReD )0*25, where x is the distance from the leading edge. For this

equation, fluid properties are evaluated at the local-mean, fluid

temperature.

Martinelli [16, 641] approximated the heat transfer coefficient

in the entrance region for turbulent flow by assuming that the flow

in the entrance was similar to that along a flat platc until the

boundary layer was fully developed. From this analysis, the local,

turbulent heat transfer coefficient for heat transfer from high-

temperature air in the entrance region for x/DH ratios less 4.4 is:

h2 = 7.3 x 0 4 ( T ) ° (G) 0 "

4 (f )0 [Btu/(ft.) 2(sec)(0R)] (c-4)
()o2

Where G is the weight average mass flow rate, lb/(ft.) 2(sec), and Tf

is the film temperature, OR, and x is the distance from the leading

edge, ft. The film temperature is defined as the average absolute

temperature between the free stream and the wall. In this equation

the combined temperature dependence for thermal conductivity, heat

capacity, and viscosity of the air are accounted for by including Lhe

film temperature in the equat'\n. Equation (C-3) can be simplified

in a similar manner by considering the temperature dependence of the

fluid properties.
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Boelter, Young, and iverson [17] studied experimentally steady-

state heat transfer in the entrance region of a tube with different

entrance configurations. They found for a bell-shaped entrance and

turbulent flow with a uniform velocity and temperature distribution

at the inlet that Equations (C-3) and (c-4) predicted within 10 per

cent the heat transfer coefficient in the entrance region of the tube.

To ensure the start of boundary layer development at the irtersection

between the bell-mouthed entrance and the uniform cross-section tube,

a vent was placed at this intersection to bleed air from the boundary

layer.

More recently, Mills [68] studied both laminar and turbulent flow

with heat transfer in the inlet region of a tube downstream of a bell-

mouthed entrance. Mills reported that for a condition of low free-

stream turbulence, even for tube Reynolds numbers as high as 100,000, a

laminar boundary layer formed at the inlet of the tube following a bell-

mouthed entrance. This was followed by transition to a turbulent boun-

dary layer at a critical Reynolds number of about 160,000, based on

the distance from the leading edge. Even when free-stream turbulence

was introduced by placing screens upstream of the heat transfer tube,

a laminar boundary layer formed at the leading edge. Only when boun-

dary layer trip-rings were placed at the leading edge was a completely

turbulent boundary layer formed in the inlet region.

Except for heat transfer to rocket nozzles, where the cross-section

changes with distance from the leading edge and extremely large Rey-

nolds numbers are encountered. no thorough analysis has been made for

unsteady-state convective heat transfer to inlet regions, Knuth [56]
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has shown from theoretical considerations that for most applications

unsteady-state, forced-convection heat transfer can be predicted to a

good approximation by steady-state methods. This in part has been

corroborated by the work of Baer [6] and McCune [671. They found that

experimental data for entrance-region heat transfer could be correlated

by turbulent-flow heat transfer equations similar to Equations (C-3)

and (C-4). The Iverson Equation (C-3) used by McCune predicted

unsteady-state heat transfer coefficients within a few per cent of

those obtained experimentally.

Measurement of Heat Transfer to the Test-Section Wall

From heat flux gauge measurements at the test-section wall, it

was found that the heating process at the test position could be

described in terms of transient heating of a semi-infinite solid

through a constant, surface heat transfer coefficient. Temperature-

time traces obtained from heat flux gauges showed, as was found by

Baer [6] in earlier work, an initial, instantaneous temperature rise

immediately behind the reflected shock which was related to the strength

of the shock and to the pressure of the shock-heated gases. This

temperature rise (6To ) results from heat conduction from the stagnated,

shock-heated gases.. This initial temperature jump due to conduction

at the wall is immediately followed by forced convection from the hot

gases flowing through the test section.

For transient heating of a semi-infinite body through a constant,

surface heat transfer coefficient with an initial, uniform temperature

(To)0 the temperature history for the surface is [Page 72, p2].
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T -T 0N 2
T -T= (1 - e erfc N) (C-5)
T -

g 0

N=h(t)1/2

where T0 7 Ts, and T are the initial gauge temperature, time-dependent

surface temperature, and gas temperature, respectively.

For the case where a temperature jump occurs behind the reflected

shock followed by convective heating of the wall, Baer 161 developed an

equati n similar to Equation (C-5) to define the heating process. For

this analysis it was postulated that heat flux to the wall could be

represented as the sum of two individual contributions: (1) heating of

the wall from the boundary layer which is proportional to (t) - /2, and

(2) heating across the boundary layer which is proportional to the

difference between the gas temperatuze (T ) and the surface temperature

(Ts ) of the heat flux gauge. The unsteady-state heat conduction equa-

tion with these restrictions is:

6T 2 T Pc 7 - k (c-6)

at x = O, Fs(Ot) -k 6 = ( )(T .kT-

F\7,tJ s (Mt)1/2

at t = 0, T(x) T, all x
0

at x = + ,T(t)= T all t

Where AT0 is the difference between the surface temperature behind the
o

reflected shock (Ta) and the va~ue To before the arrival of the shock
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wave. Solution of the one-dimensional equation with the indicated

boundary and initial conditions gives:

T_ = (i- e erfc N) (C-7)T 9- Tg c

This equation reduces to Equation (C-5) when T 0 = 0.0

Baer [6] found that the temperature-time traces obtained from heat

flux gauges were closely represented by Equation (C-7) for the greater

portion of the heating period. These observations were reaffirmed by

the studies reported here.

In this work heat flux gauges with three different substrate

materials, Pyrex 7740, Pyroceram 9608, and alumina (Alsimag 614) were

used for heat transfer measurements. This was done in order to estab-

lish, as was expected, that heat transfer coefficients derived from

tests with materials of different thermophysical. properties were the

same. These heat transfer coefficients could therefore be used for

calculating heat transfer to propellant surface. Thermophysical

properties of the heat flux gauges used and properties of the platinum

resistance element on each are given in Table 19.

For heat transfer runs in the shock tube, the heat flux gauge was

mounted in the test section with the gauge surface flush with the flow-

channel wall. The gauge circuitry for temperature measurement is

described in Appendix H. During neat transfer runs, signals from the

heat flux gauge and the quartz pressure pickup were displayed on the

screens of two Tektronix, Model 5(Y2, oscilloscopes and recorded with

Polaroid Land cameras. For most of the tests a sweep rate of 0.5

msec/(cm) was used on one oscilloscope to expand the initial heating
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transient, and a slo-. r sweep rate, 5 msec/(cm), was used for obtain-

ing pressure and heat transfer data for the entire test period. As

indicated earlier, the shock wave that enters the test-section flow

channel is stronger than the incident shock wave in the driven sec-

tion of the shock tube. This shock produces an acoustic distur-

bance in the flow channel. The initial heating transient is more

pronounced when a small flow-control orifice is used because of the

larger, closed area for reflection. For all tests conducted, this

initial heating transient produced by the acoustic disturbance

,Ahich follows the reflected shock wave is almost completely damped

within one millisecond. Figure 67 shows oscilloscope traces of

pressure and temperature at the heat flux gauge surface for the

first 0.6 milliseconds of a heat-transfer test. Both the heat flux

gauge and the pressure transducer were mounted flush with the wall

of the flow channel in the test section.

Figu:s 68 and 69 are temperature- and pressure-time traces

for heat-transfer runs in the shock tube. The temperature-time

trace shown by Figure 68 was obtained with a Pyrex heat flux gauge

and the smallest critical-flow orifice used in this work. For

this run (No, 35-31-2) the temperature-time relationship could be

represented reasonably well for the time interval of 2 to 30 milli-

seconds by Equation (C-7). The latter time corresponds to the

length of time required for the head of the rarefaction wave to

arrive at the test section. This is shown by the rapid pressure

drop on the oscilloscope trace (Figures 68 and 69). It was noted,

as is shown by temperature-time trace of Figure 68, that small
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Figure 67

Oscillograph for Heat Transfer Run Showing the Initial Heating
and Pressure Transients in the Test Section. Upper Left:
Surface Temperature of Pyrex Heat Flux Gauge 50C/(div.).
Lower Left: Pressure in Test Section, 20 psi/(div.). Time
Base: 100 microseconds/(div.). Shock-Tube Conditions:
Po = 150 psig I = 2.85, Flow-Control Orifice No. 3.
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temperature fluctuations were usually present when the smallest flow-

control orifice was used. The reason for these small temperature

fluctuations is now not known, but could be caused by growth and

decay of the laminar sublayer at low Reynolds numbers. The temperature-

time trace of Figure 69 was obtained with the Pyrex heat flux gauge

using the largest flow-control orifice. For this run (No. 35-31-7)

the heat flux gauge surface temperature is represented by Equation

(C-'i) for the time interval of 1 to 13 milliseconds. After 13 milli-

seconds because of the large amount of processed gas which had passed

through the test section, the cold, driver gas mixed with and cooled

the shock-heated gases which greatly reduced the effective test period.

It is seen by comparing the two sets of data (Figures 68 and 69)

that the initial heating transient is very weak for tests with the

large flow-control orifice. The etched horizontal line on each figure

defines the base line from which the heat flux gauge temperatures

were measured and corresponds to the initial, uniform gauge temperature,

T.
0

ANALYSIS OF RESULTS FROM HEAT TRANSFER STUDY

To obtain representative data for use in analyzing heat trans-

fer to the propellant surface during ignition tests, measurements

were made at the test-section wall for heat transfer from high-

temperature air or argon. The test conditions employed in this

heat transfer study were summarized earlier in Figure 7. For all

tests the initial shock-tube conditions were adjusted to produce

a "matched" interface behind the reflected shock. Under these
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Figure 68

Oscillograph for Heat Transf'er Run No. 35-31-2. Lowe- race:
Pressure in Driven Section, 50 Psi/(div.) upper Tracti Surf'ace
Temperature of' Pyrex Heat Flux Gauge, 250C/(div.). Sweep -ate:

5 msec/(div.). Flow-Control Orifice No. 5, P0= 350 psig, M.E=3.52.
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Figure 69

Oscillograph for Heat Transfer Run No. 35-31-7. Upper Trace:

Pressure in Driven Section, 50 psi/(div. . Lower Trace: Surface

Temperature of Pyrex Heat Flux Gauge, 50 C/(div.). Sweep Rate:

5 msec/(div.). Flow-Control Orifice No. 1, Po = 350 psig, ME=2.85.
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operating conditions, the maximum pressure rise (P)4' behind the

reflected shock was usually with 85 to 95 per cent of the initial

driver gas pressure (Po). No attempt was made to measure gas

temperatures behind the reflected shock wave. Gas temperatures

were calculated using measured values of incident shock velocities.

Data used for calculating temperatures behind the reflected shock

are given in terms of incident Mach numbers for air, argon, and

oxygen in Table 20.

The initial temperature rise (6To ) at the test-section wall

resulting from the passage of incident and reflected shocks was

found bo be a function of, (1) the Mach tmber of the incident

shock wave, (2) the pressure behind reflected shock wave (P4)-

(3) the thermophysical properties of tne heat flux gauge substrate,

and (4) the area of the flow-control orifice. Also, this initial

temperature rise was different for air or argon. This would be

expected since the thermal properties of the two gases are consider-

ably different., Experimental. initial temperature rise (m 0) data

for all of the heat -transfer tests are given in Table 21. These

results are shown graphically for air as the driven gas in Figure

70 and for argon as the driven gas in Figure 72. For air, it was

found that -the initial temperature rise (T 0 ) at the gauge surface

could be represented 'by the following relationships:

For Ao-r /Pt , greater than C-i458:

Tof 0 K (C-8)

ForAr/Ats less than 0o458.

1/2 
A

AT 1366 (h)(( - or\ 1, _C.2 -9)



-277-

Where: P* is a reference pressure having a value of 10 atm.

r* is the thermal responsivity of the Pyrex heat flux

gauge having a value of 0.0366 cal/(cm)2(sec)l/2(K).

A* is the flow area of control orifice No. 1 having an

2
area of 0.369 (cm)

Although it would be difficult to derive Equation (C-9) from

theoretical considerations alone, this equation is of the form that

would be expected for the temperature rise at the wall immediately

behind the reflected shock. Heat conduction from a high-temperature

gas is dependent on the thermal responsivity of both the gas and the

wall material. The thermal responsivity of the gas is proportional

to (p)l/2. The temperature rise at the wall is proportional to

1/Pw. The strength of the reflected shock, and thus the gas tem-

perature, is dependent on the closed area for reflection at the

end of the test-section flow channel.

For flow-control orifice No. 1, which gave an area ratio of

0.458 (orifice flow area divided by cross sectional area of test-

section flow channel), the initial temperature rise of the heat

flux gauge substrate produced by conduction from hot gases was

negligible relative to the rapid temperature rise at the wall from

forced-convection heat transfer. This observation would be expec-

ted since the strength of the reflected shock in the flow channel

was much weaker when a large flow-control orifice was used.
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0 Pyrex heat flux gguc(ig
* Alumina heat flux gauge
* Pyroceram heat flux gauge

30- 0 Driver gas pressure: 11 atm.
0 Driver gas pressure: 18 atrm.
0 Driver gas pressure: 25 atm.
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- rFigure 70

Initial, Instantaneous Temperature Rise Behind Reflected Shock
Wave at the Test-Section Wall for Air.
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Figure 71

Initial, Instantaneous Temperature Rise Behind Reflected Shock
Wave at the Test-section Wall fqr Argon.
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For argon as the driven gas and w! th the No. 3 flow-control

orifice (area ratio of 0.227), the initial temperature rise could

be approximated by:

For ME less than 2.35:

z0 =O°K (C-IO)

For ME greater than 235: 1/2

MT0 = 1l. (ME 2.35), [OK] (C-11)

With this information on initial temperature rise and calculated

shocked-gas temperatures, local heat transfer coefficients were derived

from temperature-time data by the method described in Appendix I.

The temperature dependence of the thermophysical properties for heat

flux gauges was taken into consideration for calculating heat-transfer

c,.efficients from data obtained with Pyrex and alumina gauges (see

Appendix I). Adequate data for thermal properties of Pyroceram 9608

were not available to compensate for temperature dependence of this

material. Thermal diffusivity data on Pyroceram 9608 [75] indicate

that thermal properties of this material are not a strong function of

temperature.

Data for individual heat transfer runs with air or argon as the

convective fluid are given in Table 220 In order to calculate heat

transfer coefficients, it was necessary to determine the temperature

of the gas behind the reflected shock for each run. Because of the

problems associated with the measurement of temperatures behind
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reflected shock waves, no direct measurements of gas temperatures were

attempted but these were calculated from initial shock-tube conditions

and measured incident shock-wave velocities. In general, measured

gas temperatures behind reflected shocks are not in perfect agreement

with those calculated from Rankine-Hugoniot relations and based on

measured incident shock velocities. However, the agreement in most

cases is sufficiently good so that calculated values can be used for

shock-tube studies that do not involve chemical kinetics. In addi-

tion to the temperature uncertainty, inhomogeneities in the gas

behind reflected shock waves caused by real-gas effects can give

anomalous results for studies of chemical kinetics. Strehlow and

Case [88], and Rudinger [79] have pointed out that the gas tempera-

tures behind reflected shocks will increase with time because of the

interaction of the reflected shock wave with the boundary layer. As

a consequence, the true post-reflection gas temperature will be

higher than that calculated from shock relations. This results

because of the interaction of the reflected shock with the boundary

layer and also with the contact surface for cases where the interface

is not completely matched. These interactions produce weak compres-

sion shocks which further heat the gas behind the reflected shock.

For the shock tube tests conducted in this study, it was found

that the pressure in the driven end of the tube increased with time

after the reflected shock had passed the monitoring station. This

post-reflection pressure rise, shown by Figures 68 and 69, continued

for 15 to 20 milliseconds before leveling off. For reasons described

in zhe previous paragraph and other real-gas effects, the temperature
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of the gas behind the reflected shock also increases with time.

Since these weak shock processes can be approximated by isentropic

processes, it was suggested by Baer [6] and later by Copper [26]

tlat the temperature rise of the gas behind the reflected shock

could be calculated by assuming an isentropic compression from P4

(pressure immediately behind the reflected shock) to P2 (the

maximum pressure observed for a given run). When this adjustment is

made, the final gas temperature (T') is 5 to 10 per cent greater

than the temperature immediately behind the reflected shock wave.

This adjustment was applied to all gas temperatures in which air,

oxygen, or nitrogen was used as the driven gas. This is a somewhat

arbitrary gas temperature since the true gas temperature would vary

-with time for the first 15 to 20 milliseconds of each heat transfer

test. It was shown, however, that when this gas temperature was

used for calculating convective heat transfer to the different heat

flux gauge substrate materials., excellent agreement among heat

transfer coefficients was obtained. This indicates that the gas

temperature calculated by this method is within a few per cent of

the true gas temperature. Since compressib1iity effects were small

for most of flow velocities encountered in this study, it was

assumed that this gas temperature (Tt) was the same as the gas

stagnation temperature (Tg) for all heat transfer calculations

involving airj nitrogen, or oxygen; the recovery factor was assumed

to be l0.
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Experimental Data for Heat Transfer from High-Temperature Air

The results of the heat transfer study with air as the test gas

are presented graphically in the form of G (mass flow rate in the

test-section flow channel) versus h/(Tf) 0 ° 3 in Figure 72. Data for

individual runs are given in Table 22. Here the film temperature,

Tf is defined as the mean absolute temperature (°K) between the

gas temperature (T ) and the heat flux gauge surface temperature

(Ts ) 10 milliseconds after the start of heating. The local heat

transfer coefficients at the wall test position are represented

within 5 per cent by the following equationt

h = 1.70 x 10-4 (Tf)0 °3 (G)0 °895 [cal/(cm)2(sec)(°K)] (C-12)

For Tf in °K and G in g/(cm) 2(sec).

The thermal responsivity of the test-section wall, represented

by the heat flux gauge substrate material, ranged from a value of

0.0366 cal/(cm)2(sec)l/2(OK) for Pyrex to 0.208 cal/(cm)2(sec)i/2(OK)

for alumina. The fact that heat transfer coefficients for this wide

range of thermophysical properties can be represented by a single

relationship shows the method used for calculating gas temperature

is a good approximation to the true gas temperature for gas flow-

ing through the test section. Furthermore, it shows that the results

from this correlation can be used directly to calculate heat transfer

to the propellant surface.
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Figure 72

Heat Transfer Coefficients at the Test-Section Wall for High-
Temperature Air, Correlated in Terms of Mass Flow Rate Through
Flow Channel and Gas Film Temperature.
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The Martinelli Equation, Equation (C-4), for heat transfer

through a turbulent boundary layer has the following form in the cgs

system of units:

= 2.89 x 10 4 (Tf )0-3 (G)08 [cal/(cm)2 (sec)(OK)] (C-13)I (;C)0.2(x)0

Where Tf is in OK, x is in cm, and G has the units g/(cm) 2sec.

For x = 1.27 cm, the location of the test position from the leading

edge, Equation (C-13) reduces to:

h = 2.75 x 10-4 (Tf )0.3 (G)0 '8 [cal/(cm)2(sec)(°K)] (C-14)

Equation (C-14) is shown by the dashed line on Figure 72 for compari-

son with the data obtained in this work.

In Figure 73 these same heat transfer data are presented in the

form G versus h/(T )0"3 as suggested by the Iverson Equation,

Equation (C-3).

In this form the data are represented within 6 per cent by:

h = 1.435 x 10 - 4 (T )0 ' 3 (G)0-905 [cal/(cm)2 (sec)(OK)] C-15)

By comparing the results given in Figures 72 and 73, it is seen

that the heat transfer coefficients obtained in this study are cor-

related slightly better when represented as a function of film

temperature (Tf) rather than as a function of bulk, gas temperature

(T ). However, because of the difficulties encountered in defining

a film temperature for use in unsteady-state heat transfer processes,
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Temperature Air, Correlated in Terms of Mass Flow Rate Through
Flow Channel and Gas Stagnation Temperature.
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all calculations for heat transfer to propellant surfaces were made

using Equation (C-15) which represents the data for heat transfer

coefficients as a function of the bulk, gas temperature.

The data for heat transfer coefficients given in Figure 73 are

compared to the Iverson Equation as modified by Baer [61 for heat trans-

fer through a turbulent boundary layer. The general form of this

equation is:

h = 2.92 x 10 - 4 (T) 03 (G)° ' 78 (DH/x)0° 114 [cal/(cm)2(sec)( 0 K)] (C-16)

Where T is in OK and G has the units g/(cm) 2(sec). For the testg

position, where x = 1.27 cm, Equation (C-16) reduces to:

h = 2°79 x 10 - 4 (T )0-3 (G)0 -7' [cal/(cm)2 (sec)(*K)] (C-17)

It is seen from this comparison that the data obtained from this

heat transfer study, represented by either Equation (C-12) or (C-15),

have a stronger dependence on G than that predicted for heat transfer

through a turbulent boundary layer by the Martinelli and Iverson

Equations, Equations (C-14) and (C-17), respectively.

For reasons which will be discussed in the following paragraphs,

data for heat transfer coefficients obtained with the open test section

(no flow-control orifice) for large Reynolds numbers (250,000 to

870o,000) and high mass flow rates, greater than about 100 g/(cm)2 sec,

would not correlate with data obtained with smaller flow-control

orifices by a single relationship if the actual mass flow rate, G ,

through the test section, based on a measured flow area of 0.777 (cm) ,
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were used. It was found, howeverg that if the mass flow rate were

2based on a defined flow area of 0.60 ,cm) for the open test section

then heat transfer coefficients for all flow-control orifices could

be correlated by a single relationship, either Equation (C-12) or

(C-15)o All calculations involving heat transfer to the propellant

surface during ignition tests were based on this defined flow area of

060 (cm)2 for the open test section so that a single correlation of

hea-t trensfer coefficients could be used for all calculations. The

use of this single defined flow area for mass flow rate does not pre-

clude accurate calculations of the heat transfer to a propellant sur-

face since all heat transfer coefficients were based on experimental

measurements.

The equations for entrance-region heat transfer developed by

Martinelli and Iverson assume that flow in the entrance region is

completely turbulent and that the turbulent boundary layer begins its

development at the leading edge. In the experimental heat transfer

study made by Boelter, et a!. [17] with a bell-mouthed entrance., the

intensity of the free-stream turbulenze was apparently sufficiently

large to ensure a turbulent boundary at the leading edge, Consequen-

tly, their results for inlet-region heat transfer were in reasonable

agreement with equations for local heat transfer coefficients,

Equations (C-3) and (c-4). However, they point out [page 9, 17] in

referring to a publication by Prandtl [76] that "unless a turbulence

promoter is used, a laminar boundary layer will usually precede the

turbulent boundary layer"° This would apparently be the condition

that would exist for flow in the entrance region following bell-

moutr,-3d entrance with low intensity free-stream turbulence and a
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uniform velocity and temperature profile at the inlet. They also

point out that for a high tube Reynolds number and the above condi-

tions, a transition from laminar to turbulent flow will occur down-

stream of the leading edge at a position which cannot be accurately

predicted. This aspect of entrance-region flow is also discussed by

Dryden, et al. [page 360, 311 According to these authors, flow in

the entrance region following a bell-mouthed inlet, depending on the

Reynolds number, is either completely laminar or the boundary layer

has both a lz:. nar and turbulent part 0 However, for a blunt-end tube

only a turbulent boundary layer exists in the inlet region that is

produced by eddies that are initiated by the stream contraction- All

of these observations are in substantial agreement with the experi-

mental results on entrance-region heat transfer obtained by Mills [68].

In many respects heat transfer in the entrance of a tube with a

bell-mouthed entrance is similar to that for heat transfer to a flat

plate0 Dryden [page 40, 30] suggests that the critical Reynolds num-

ber for transition from laminar to turbulent flow would be higher in

the entrance of a tube than on a flat plate because of the negative

pressure gradient in the entrance region of a tube. Again, as is the

case for a flat plate, a high turbulence intensity in the free stream

would reduce the critical Reynolds number for transition.

In a recent doctoral dissertation, Junkhan [50] reported a rather

thorough investigation of the effect of free-stream turbulence and

favorable negative pressure gradients on heat transfer from a flat

plate0 He found for a plate of zero incidence and zero pressure

gradient that the effect of increased turbulence intensity was to
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decrease the critical Reynolds number for transition from a laminar to

a turbulent boundary layer on the flat plate. Under two other sets of

test conditions, with more favorable pressure gradients and extremely

high turbulent intensities ranging from about 3 to 8 per cent, it was

no longer possible to detect from a logarithmic plot of Reynolds

number versus Nusselt number a transition from laminar -to turbulent

flow. For high turbulence iitensities and a negative pressure gra-

dient at the wall, Junkhan concluded that the boundary layer for low

Reynolds numbers no longer appears to be laminar, and that the boundary

layer is quast-laninar or, Is in transition. An interesting result of

this work was that all of the experimental data for Reynolds numbers

ranging from about 50000 to 300.,000 could be defined by a straight

lne on a plot of the logarithm of Reynolds number versus the logarithm

of Nusselt number for a given pressure gradient. These results all fell

within the region defined by equations for laminar boundary layer and

turbulent boundary layer heat transfer. At lower Reynolds, around

50,000., the Nusselt numbers were in good agreement with Pohlhausenls

equation for heat transfer from a flat plate with a laminar boundary

layer and small temperature differences between the gas the the flat

plate.

Nux = 0.295 (Rex )0°5 (C-18)

At higher Reynolds nuinbers, above a Reynolds number of about 300, 000,

the experimentally determined Nusselt numbers were in substantial

8greement with those defined by von Karman s and Prandtlis equations,

Equation (C-19) and (C-2C), respectively, for heat transfer through

a tuxbulent boundary layer.
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Nu = 0.241 ('oex)0°8 (c-19)

Nu = 0.236 (Rex)008  (C-20)

The results reported by Junkhan are in substantial agreement with

those reported by other investigators including recent results by

Kestin, Maeder, and Wang [53]. However, none of these other inves-

tigators studied heat transfer from a flat plate over as large a

range of pressure gradiAents and turbulence intensities as those reported

by Junkhan.

In view of the foregoing discussion, it appears that the heat

transfer data obtained from measurements at the test section wall in

the work for this thesis are what should be expected for the test-

section design used; that is, because of the high turbulence intensity

in the free stream and favorable pressure gradient in the entrance to

the test section, the local heat transfer coefficient should have a

stronger dependence on mass flow rate than that predicted by turbulent-

flow equations. Gas flow in the entrance region with a negative pres-

sure gradient before the establishment of a fully developed boundary

layer would be closely analogous to that for heat transfer to or from

a flat plate under a negative pressure gradient. Although free-stream

turbulence was not measured in this study, it would be expected to be

of rather large intensity. In the shock tube turbulence is produced

by interaction of the reflected shock with the boundary layer in the

driven end of the shock tube and is produced also by the weak inter-

action of the reflected shock with the contact surface when perfect

"matching" of the interface is not achieved. Also, turbulence is
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introduced by the shock reflected from the orifice plate at the end of

the flow channel. Under these flow conditions, the heat transfer

coefficient would be expected to have a larger dependence on mass flow

rate, G, than the 0.8 power dependence for heat transfer through a

turbulent boundary that is predicted by Equations (C-3) and (C-4).

Another aspect of forced convection heat transfer that was

encountered in this work, but does not appear to have been investigated

experimentally., is heat transfer to a wall under transient conditions

for the case where there is a discontinuity in thermal properties of

the wall material. The 01scontinity in thermal properties results

because the test section, il.oading the inlec region, is made from

steel and the heat flux gauge substrates are made from glass or ceramics.

Apparently the differenLe in thermal properties did not have a measur-

able effect on heat transfer, since heat transfer coefficients derived

from temperature-time data for heat flux gauges made of different

substrate materials could all. be correlated within experimental error

by one equation. It would be expected, however, that if the inlet to

the test section were made of a different material having properties

similar to that used for heat flux gauges, a higher heat transfer rate

would have been measured at the test position. The reason for this,

and it would apply only to the transient heating case, is that as' the

convective gas is passed over the steel inlet, the boundary layer is

cooled more than. if the gas were passed over a material with a

smaller' thermal responsivity. It should, therefore, be possible to

increase the rate of heat transfer to the test position by using a

different material for the bell-mouthed inlet.,
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In presenting experimental heat transfer data in the form

suggested by Equations (C-13) and (c-16), the temperature dependence of

h is indirectly related to its dependence on mass flow rate. This is

true since the basic equation from which these equations were derived

included terms for fluid properties and a Reynolds number. It can be

readily shown by considering the effect of temperature on fluid

properties when air is the heat transfer medium and flow is turbulent

that h is proportional to (Tg )0,3. However, for the case where h is

proportional to (Re)0 °9 , it is shown that h is approximately propor-

tional to (T )02 From the experimental data obtained from this

study, it was not possible to determine experimentally the exact

dependence of h on Tg, and a value of (T )0*3 was used.

In addition to the heat transfer data presented by Figures 72

and 73, some exploratory tests were made for heat transfer to the

test position under modified flow conditions. These results are

given in Part I of Table 22. It was shown that when a sharp-edged

orifice was used in the entrance to the test section in conjunction

with a critical-flow orifice downstream, heat transfer coefficients

could be increased as much as 300 per cent over those obtained with

a smooth, bell-mouthed entrance. This observed effect of the sharp-

edged inlet orifices on heat transfer to the wall of the entrance

region of a tube is in general agreement with previous experimental

work of Boelteret al. [17], Davies and Al-Arabi [28], and Mills

[68].
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Experimental Data for Heat Transfer from High-Temperature Argon

As indicated earlier, heat transfer to the test section wall was

also measured using argon as the convective gas. The primary interest

in argon arises because higher gas temperatures can be obtained in a

shock tube with a monatomic gas than with air or nitrogen for equiva-

lent incident Mach numberso This was of interest for studying propel-

lant ignition in that propellants could be tested under higher gas

temperatures without a reduction in the available test time. Heat

transfer coefficients obtained with argon are presenied as a function

of mass flow rate through the test section by Figure 74. These data

are tabulated in Part Ii of Table 220 Because of the high dependence

of heat transfer coefficient on the Reynolds number for this test

conditiony h is a function only of G. It can be shown that for the

case where h is directly proportional to the Reynolds number, the

fluid properties of argon are dependent on temperature in such a way

that the temperature effect on heat transfer coefficient is eliminated.

The local heat transfer coefficients for argon can be represented

within 4 per cent by:

h = 4.05 x 10-4 (G)I °0  [cal/(cm)-(sec)(0 K)] (C-21)

Where G has the units g/(cm) 2(sec).

Since h for argon was found to be proportional to (G)1 06 , a

slight dependence of h on gas temperature would be expected; however,

because of the scatter in the experimental data, the introduction of

this temperature would not improve the correlation. The mass flow

rates (G) and local heat transfer coefficients were evaluated at (T4),

the temperature of argon immediately behind the reflected shock. rather
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than at (T4), as for air. The use of T4 as the gas temperature gave

an improved correlation of these data and temperature-time data were

still well represented by Equation (C-7). When T4 was used as the

gas temperature rather than T 4 the heat transfer data obtained with

Pyrex and Pyroceram heat flux gauges coincided at high mass flow rates.

Since this heat transfer study using argon as the test gas was

of an exploratory nature. tests were conducted with a single flow-

control orifice. The results with argon, as did the results with air,

show h to be a strong function of G. which indicates that the

same type of flow conditions existed in the test section for both air

and argon.



APPENDIX D

PROCEDURES USED FOR DETERMINING THERMOPHYSICAL PROPERTIES OF PROPELIANTS
AND PROPELLANT INGREDIENTSa

The thermal responsivities for propellants and propellaxit ingred-

ients needed for calculating the externally applied heat flux to the

propellant surface during ignition tests were evaluated from either

experimentally determined or published data for p, c, and k (or a).

The procedures used for determining the individual thermophysical

properties of propellants and ingredients are des cribed below. Thermo-

physical properties of these materials are summarized in Table 4.

Chemical compositions of the propellants and binders are given in

Table 2.

DENSITY

The densities of propellants and binders were usually measured

by water displacement. For some of the more rigid, cast propellants

and pellets of pressed propellants, densities were obtained by direct

measurements. It is expected that the densities are accurate to within

+ 2 per cent of their actual values.

HEAT CAPACITY

The mean heat capacities of propellants and binder samples were

determined between 950C and room temperature, approximately 250 C, with

a Dewar-flask calorimeter containing water. The calorimeter was

aThe material presented in this appendix was adapted from that
presented in Appendix A of Reference 81.
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calibrated with copper bars of known heat capacity. Temperature changes

of the water in the calorimeter were recorded to the nearest 0.010 C

with a Beckman differential thermometer. The anticipated accuracy of

heat capacity data is ±3 per cent. The measured values of heat

capacity of the propellant and those calculated from the heat capaci-

ties of the individual ingredients differed by less than 3 per cent.

THERMAL DIFFUSIVITY

An unsteady-state method was used for obtaining experimental

thermal diffusivity data on propellants, binders, and ammonium per-

chlorate. Solid cylinders of these materials were prepared with small-

diameter thermocouples mounted in their geometric centers. The cylin-

drical samples were then quickly immersed in a liquid with a lower

temperature than the sample. The temperature history at the center of

the sample was recorded and used for calculating the thermal diffusi-

vity of the material in the manner described below.

The samples of propellant and binder were solid cylinders 3.8 cm

in diameter by about 10 cm in length. Propellant samples were coated

with a thin film of silicone or acrylic resin to prevent dissolution

fo the ammonium perchlorate at the propellant surface in the water

used in the agitated bath. The ammonium perchlorate samples were made

by cemenzing together pressed, cylindrical disks (99 per cent of

theoretical density), 2.54 cm in diameter and 0.6 to 0.7 cm in thick-

ness., to give cylindrical samples with a length of 4.0 to 4°5 cm-

Carbon tetrachloride was used as the liquid for experiments on pure

ammonium perchlorate samples0
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The experimental temperature-time data were analyzed by the follow-

ing method. It is found by plotting

Tt 0 T

in T versus t
Tb T o

that after a short, initial transient period the data plotted in this

form are represented by a straight line. Where Tt, To and Tb are

the temperature at the center of the sample at time, t; initial

uniform sample temperature; and temperature of the bath; respectively.

During the period when the data plotted in this form are represented

by a straight line, the following equation represents the unsteady-

state heat transfer process, [page 228, 22]:

Tt -o C ex[t(2 2T -T To 0 p[at(X + i (P-2)
b T 1 ej 1 J.(D1

Where a is the thermal diffusivity of the sample, and C1 is a time-

invariant constant. The constants X and P are, respectively, the

smallest roots of the equations:

M tan M = hi (D-2)

k

and

8 Jl(a)- =Iha Jo(aB) (D-3)
1 k 0

Where a is the radius of the cylinder, . is the half-cylinder

height, k is the solid thermal conductivity, and h is the sur-

face heat transfer coefficient between the sample and the agitated

bath. (The heat transfer coefficient is assumed to be constant over

the sample surface.)
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The surface heat transfer coefficient was determined by immersing

a heated, solid cylinder of copper, 2.5 cm in diameter by 5 cm long, in

the agitated liquid baths. For copper, the terms hi/k and ha/k are

so small that a limiting form of Equation (D-l) can be used which

neglects the temperature gradient in the solid sample. In the water

bath h was found to be 0.104 cal/(cm)2 (sec)(OK) and in the carbon

tetrachloride bath h was found to be 0.025 cal/(cm) 2(sec)(OK). The

sample position in the bath and degree of agitation were carefully

controlled in all experiments to ensure that the experimentally deter-

mined values for h would apply for all thermal diffusivity tests.

In thermal diffusivity tests on propellants and binders, the

terms, hi/k and ha/k, were greater than 100, and the roots of

Equation (D-l) are X = 1.57 and Pl = 2.40. These values are essen-

tially independent of h or k, and the thermal diffusivity (a) can

be evaluated directly. For tests on propellants and binders, the

initial, solid temperature was 950C and the bath temperature was

about 250C.

For determination of thermal diffusivity of pressed ammonium

perchlorate, the terms hA/k and ha/k, had values in the range of

20 to 50, and X1 and P1 were evaluated by a trial and error process

from the experimental data. For tests on pressed ammonium perchlorate,

the initial, solid temperature was in the range of 00 to 50C, and the

bath temperature was about 250C. The error in thermal diffusivity

measurements is about + 2 per cent.
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THERMAL CONDUCTIVITY

The thermal conductivity of the various materials was calculated

by the following equation:

k = PcZ (D-4)

The measured thermal conductivities for propellants were found to be

within 3 per cent of values calculated from the thermal conductivi-

ties of individual ingredients by the Maxwell Equation as used by

Gorring and Churchill [39]:

k _ 2 + V - 2E(l- V) (D-5)
k!  2 + V + 1E(1- V)

Where: V is the ratio of the thermal conductivities of the discontin-

uous phase to that of the continuous phase.

e is the volume fraction of the discontinuous phase.

k is the thermal conductivity of the continuous phase.



APPENDIX E

CALCULATIONS FOR IGNITION TEMPERATURE AND HEAT FLUX

The following discussion describes in considerable detail the

method used for calculating the ignition temperature for linear heat-

ing, TLi. and the mean surface heat flux, F, at the propellant

surface during an ignition test in the shock tube.

SA MPLE CALCULATION

General Information for Ignition Run No. 212-24-2

l The oscillograph for this run is shown in Figure 9b.

2. Propellant: F-9.

3. Thermal responsivity of propellant:

r = 0oO212 cal/(cm)2(sec)/2(OK)o
p

4. Flow-control orifice: No. 3 [Area = 0,1832(cm) ]o

5. Atmospheric pressure: 25.25 in. Hg (12.4 psia)o

Initial Shock-Tube Conditions

l Shock-tube temperature, T1 = 20°0 Co

2o Driven-section pressure, P1 = 10.0 in. Hg (4.9 psia)o

3. Driver-section pressure Po = 350 psig.

4. Driver gas composition, 6.2 and 93.8 volume per cent air

and helium, respectively.

Data from Ignition Run

lo Average shock velocity between shock sensors 1 and 3,

M1 3 = 3°05
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2. Initial pressure rise behind reflected shock wave,

P4 = 235 psia (16.0 atm.).

3. Maximum pressure rise behind reflected shock wave,

P4 = 341 psia (23.2 atm.).

4. Ignition time,

ti = 13.8 msec.

(t )1/2 = 3.72 (msec)l/2 = 0.1176 (sec)1 /2

Gas Properties at Entrance to Test Section

1. Mach number of the incident shock wave at end of driven

section is calculated by Equation (C-l).

ME= 3 05 (0.933) = 2.85

2. Temperature of the driven gas (nitrogen) immediately

behind reflected shock wave is determined from a plot

of T4/T1 versus Mach number for the data given in Table 20.

T4 = 1202
0 K

3. The maximum temperature behind the reflected shock wave is

calculated with the assumption that the processed gas

behind the reflected shock wave undergoes an isentropic

compression by weak shock processes from P4 to P 4"

Using an average value for 7 between T4 and T4 !

1 /2. (1.318 - 1-0)/(1.318)
T4 = 1202 41.0 = 13150 K
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Gas Properties at the Throat of Flow-Control Orifice

1. Temperature and pressure at the throat of the control ori-

fice are calculated for critical-flow conditions at the
I

throat. Using an average value for 7 between T4 and Tor

2T o '1315 1320 + I-) = I1340K

02 _INl. 32O)/(.32o 1.0)

or = 23.2 " . = !2.6 atm.

2. Velocity of the gas at the throat of the orifice is the

local velocity of sound and is calculated by:

(c2 (7 or)(R)(Tor
(Co)1 or

0 M

(c)2 =(.3,:7)(8. 14 x ,0)(1134)
o~~ -F 2.01-

cO = 6.68 x lo4 cm/(sec)

3. The density of the gas at the throat of the orifice is

calculated by the gas law.

P = 3.79 x 10-3 g/(cm)3
or

4. Mass flow rate at the throat is the product of c and po

G = (3.79 x 10) = 253 g/(cm) 2(sec)Gor
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Heat Transfer Coefficient

1. Mass flow rate through test-section flow channel is calcu-

lated with the continuity equation.

or (Ar) _= (253)(0.1832/0.8065) = 57.5 g/(cm)2 (sec)

2. The heat trahsfer coefficient is calculated with Equation

(16') or (C-15).

h = 1.435 x 10-4 (1315)0"3(57.5)0-905

h =4.84 x 12 cal/(cm)2 (sec)(OK)

Ignition Temperature for Linear Heating

1. The initial, instantaneous temperature rise at the propel-

lant surface produced by the passage of the shock waves is

calculated with Equation (19) or (C-9).

616.0 1/2 _.66o1 ( - 1.20)To = 13.66 \i-0.0) O 12/ (1.0 - 0.3 9 (

a1 = 24.80K

2. T. is calculated from Equation (15r.

T. = 293.20K + 24.8°K = 318°K'3
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L
3. The ignition temperature for linear heating, Ti, is

calculated with Equation (14) or (C-7).

L

S( - e erfc N)Tg 
Tj

h(t )l/2

N = - 0.0 1I) (0.1176)= 0.2685

TL  0. 0721

TL  = 3156 135038)l0-e°K ro .65

si

NTL  = (56o0 K - 2930 K) = 2670Ksi

Mean Surface Heat FluxF

1. The constant surface heat flux, F, which will bring the

propellant to its ignition temperature in time, ti, is

calculated with Equation (i)o

(0.0212)

f' = ( .. 7) (560-293)

= 2.7 cal/(cm)2 (sec)



APPENDIX F

PROPELLANT SAMPLES

PREPARATION OF PROPEJT ANT S-P1,LES

All of the propellant used for ignition studies was mixed in the

propellant processing laboratory in the Department of Chemical

Engineering. This facility has two laboratory-size, sigma-blade

mixers manufactured by the Brabender Corporation. In the work des-

cribed here 50 to 60 propellant sample holders were filled from one

batch of propellant. Commercially available chemicals were used for

all propellant compositions which were primarily ammonium perchlorate

composite propellants with a fuel-binder of polybutadiene-acrylic

acid copolymer cured with an epoxy curing agent (Epon 828).

The conventional mixing procedure used for processing propellant

for this work was as follows:

l. The mixer was brought to a temperature of 600C.

2. All ingredients were placed in the mixer0  The ammonium

perchlorate was added first, followed by all other solid

ingredients0 The liquid polymer was placed on top of the

solid ingredients0 The curing agent was added last0

3. The ingredients were held under a vacuum for 20 minutes

before the mixer was started0

4. The ingredients were then mixed for 10 minutes under vacuum0

5. The mixer was stopped and the walls and blades were scraped

with a spatula0

6. The mixer was then sealed and held under vacuijum for 5

minutes before the mixing was resumed0
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7. The final mixing period was 45 minutes under an absolute

pressure of one inch Hg.

Freshly mixed propellant was immediately placed in the sample

holders. In the preliminary phases of this study, propellant was cast

directly into the cavity of the sample holderB under vacuum to eliminate

the entrapment of air. It was found later that the sample holders could

be filled with a spatula under atmospheric conditions and thai the entrapped

air could be removed after the sample holders were filled. This was

accomplished by placing the filled sample holders in a vacuum chamber,

allowing the propellant to mushroom under pressure of intern.aally trapped

air, and then tamping the propellant with a Teflon-tipped rod. This

operation was repeated until no further rising of the propellant occurred.

These operations were all carried out under vacuum by placing the sample

holders on a rotating jig and extending the tamping rod through an air-

tight seal in the Plexiglass cover of the vacuum chamber, -The last

procedure facilitated preparation of samples for propellants which con-

tained only a single particle size of ammonium perchlorate and were too

viscous to cast directly into holders.

Since most of the ignition tests were conducted on freshly cut

propellant surfaces, the sample holders were over-filled, and a fresh,

smooth surface was carefully cut with a new, single-edge razor blade

immediately before tests. Figure 75 is a photograph of sample holders

Oilled with propellant. For tests in which smooth, polymer-rich surfaces

were required, the sample surface was smoothed before curing by wiping

the face of a slightly over-filled sample holder on a smooth Teflon

sheet. This procedure removed all excess propellant and pushed the
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td

Figure 75

Photograph of Sample Holders Filled with Propellant.

Left: As-Cast Propellant Sample. Right: Sample

with Cut Surface.
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large particles of ammonium perchlorate into the propellant matrix. A

thin polymer coat always formed on the surfaces of these samples after

they were placed ±n the curing oven.

Several of the propellants tested were processed entirely from

solid ingredients, such as ammonium perchlorateo carbon black, and

copper chromite. For preparing these pressed propellants, the ingredients

were thoroughly blended and then the powder was pressed into a cylind-

rical pellet under a pressure of 100,000 psig. A small amount of moisture

sprayed on the powder with an aspirator before processing greatly

improved the structural integrity of the pellets. Pressed propellants

were not oven dripd, but were kept in a desiccator several days before

being used in tests.

These pellets were then bonded into sample holders with an epoxy

resin or an inorganic, copper-phosphoric acid cement. After the cements

had hardened, the excess propellant that extended above the face of the

sample holder was removed by sanding with a fine-grit silicon-carbide

paper.

EFFECT ON DNTIO11 OF MTiOD OF ?PMURATiON

A problem which always faces the experimental investigator of

propellant ignition is that of sample pitparation. In this work to

obvIate the problem., most of the propellant samples were prepared by

casting propellant directly into sample holders. However, sometimes

propellant to be tested is available only in slab form and samples

must be cut and placed in sample holders. In this brief study,

samples of F- propellant were cut from a slab in the torm of a solid

cirlinder using a cork borer or a leath -r punch and %zLn then cetented

into sample holders. Two different cements were used, Krylon brand
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acrylic resin was used on a few samples, but because of its air drying

properties, the polymer film would shrink and several coats were

required to fill the voia between sample and wall of the holder. A

second adhesive used was an epoxy cement, Epox Cement No. 346, manu-

factured by the G. C. Electronics Co. This provided a good bond,

but propellant surfaces had to be cut before the cement completely

cured; otherwise the cement would break away from the edges of the

propellant surface. Nevertheless, several propellant samples were

prepared which could be tested. The results of these ignition tests

on cemented samples are shown in Figure 76 and are compared with the

results obtained with cast propellant samples. There is reasonable

agreement between the two sets of data showing that it is possible

to obtain useful experimental results from cemented samples.

Some of the problems that were anticipated, but did not arise

in the work were: (1) that perchlorate particles would be loosened

by cutting with the cork borer and thus allow hot gas from the passing

shock wave to flow into the interstices between the particles and the

binder which would promote early ignition, and (2) the surface of the

organic cement having a lower thermal responsivity than the propellant

would undergo a faster temperature rise and thus initiate ignition at

the edges of the propellant surface. The fact that reasonable agree-

ment was obtained using the two methods for sample preparation does

not mean that some of these problems would not arise with a different

propellant system.
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If samples are to be cemented into sample holders, a non-shrinking

cement having physical properties similar to those of the propellant

would facilitate preparation of samples.



APPENDIX G

CALIBRATION OF FLOW-CONTROL ORIFICES

The orifices used for controlling the flow of the gas through

the test section in ignition tests were calibrated with a rarefac-

tion tube. From isentropic theory of rarefaction tube performance

[69, 80], it can be shown that the effective area of a critical-flow

orifice at the end of the rarefaction tube, Aor , through which the

pressurized gas is discharged, following the instantaneous uncovering

of the orifice, is related to other easily measured variables by the

following equation:

A n/2 1 2 [1
o r

n+ ( + (n -1) l )
Ar 1n_1

7+1
n -

i/i + n

Where: A is the area of the rarefaction tube.
r

P is the initial absolute pressure in the tube.

P1 is the pressure in the tube immediately following the

passage of the rarefaction wave (first plateau pressure).

7 is the ratio of specific heats for the test gas.

-1
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From Equation (G-l) it is seen that the only experimental data

needed for determining the effective flow area of an orifice are

readings of the initial temperature and pressure of the gas in the

tube, and a total pressure drop across the rarefaction wave. P1

must exceed ambient pressure enough to assure that sonic flow occurs

at the orifice.

A Kistler, Model 401, quartz pressure pickup in conjunction

with a Model 568 charge amplifier vas used for measuring the pressure

drop as the rarefaction wave passed the monitoring station in the tube

wall. Several calibration runs were made on each orifice for an

initial tube pressure of 100 psig. A few check runs were also made

at initial tube pressures of 150 and 200 psig. The experimentally

determined flow areas are compared with measured orifice areas in

Table 18. With dry air as the test gas, experimentally determined

flow areas from individual runs differed by less than two per cent

from the average for all tests on a given orifice. A9 was expected,

no effect of pressure on the discharge coefficient was found.



APPENDIX H

HEAT FLUX GAUGES

Heat flux gauges are versatile, sensitive, and fast-response

temperature sensors. The heat fliLx gauges used in this work for

measuring heat transfer to the wall of the test-section flow channel

were made from small, solid cylinders of glass or ceramic materials. A

thin platinum-film resistance thermometer was bonded to one flat face

of the cylinder as shown in Figure 66. The platinum resistance ther-

mometer measures the surface temperature of the gauge substrate as the

gauge surface is exposed to external heating. This kind of sensor is

most useful for heat transfer involving heat conduction or forced

convection. Its greatest advantage over other temperature sensing

devices is its fast response and high sensitivity. The response time

for a heat flux gauge is of the order of a few microseconds, and the

response time is dependent ori.y on the thickness of the platinum film

[923. The sensitivity of the heat fl-x gauge can be varied depending

on Its application, bu; for this '.,rork a sensitivity of about one

millivolt/°C was used.

PREPARAT'ON OF HEAT FLUX GP.UGES

The heat flux gauges used in this work were made with substrates

of Pyrex 7740., Pyrocerm 9608, or alumina (Alsimag 614)o. One end

face of cylinders of these materials was polished with 600-A grit,

silicon-carbide paper and then degreased before the platiL.um paint

(Liquid Bright Platinum, No. 05-X from the Hanovia Liquid Gold Division

of Ragelhard Industries, Inc.) was applied to the sulrface. A narrow

strip, as illustrated in Figure 66, was painted across the face of the

- 316 -
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gauge for the sensing element; and four leads were painted down the

wall of the cylinders for making electrical connectionFo The freshly

applied paint was allowed to dry at room temperature before the gauges

were fired in a well-ventilated furnace. The Pyrex gauge element was

fired for 30 minutes at 6750C. For ceramic gauges the temperature was

increased to 800C0  Usually, one uniform coat (less than one-micron

thick [923) was sufficient to give the desired sensing element

resistance of 50 to 500 ohms0 About 10 coats of platinum paint were

applied to walls of the cylinder. This provided a low resistance lead

and also made an excellent base for attaching external leads to the

gauge by soldering.

Heat-flux-gauge elements prepared in this manner were cemented

into the holders with an epoxy resin. The resin provided a gas-tight

seal and also served as an insulating material between the platinum

leads and the wall of the holder.

DETERMNATION OF MET FLUX GAUGE PROPERT-S

Temperature Coefficient of Resistivity, P

The thin platinum film prepared from Liquid Bright Platinum, No.

05-X does not have the same electrical properties as pure platinum; and

since these properties cannot be predicted, it was necessary to determine,

experimentally the resistance and the temperature coefficient of resis-

tivity for each gauge0 The experimental procedure used was to place

the gauge in a glass tube and then immerse the assembly in a water bath0

The film resistance versus temperature relationship was usually deter-

mined over the temperature range of 0 to 95 Co The film resistance was

calculated from voltage measurements by comparing the voltage drop across
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tlae gatge resiatance element with that of a known resistance in the

same series electrical circuit.

it was found that the experimental data for all the heat fluxes

gauges in the temperaGure range of 0 to 95 C were well represented by

an equation of the following form:

RT = o  ( T)H-1)

Where: Ro is the film resistance at 00 C.

T is the temperature in o Co

3o is the temperature coeft'icient of resistivity ohm/(ohm)(°C)o

Experimentally determined values for the temperature coefficient

of resistivity for heat flux gauges used in the research for this

thesis are given in Table 19. Experimental data for a heat flux gauge

with a substrate of Pyrex ,7740 'Gauge No. 4) are plotted in the form of

temperatare versus film resistance in Figure 77°

Over the range of temperatures for which temperature-resistance

data were ottained~ the resistance of the platinum sensing element

was fouiz to be linear in temperature for all gauges. it is expected,

however, based on data for pure platinum that the resistance of the

sensing element would be a weaker function of temperature at temper-

stu,.es above 1000 C. Cheng (23) measured the sensing-element

resistance as a f'tnction of temperature to 2200 C on similar gauges,

and found a slightly weaker dependence on temperature above about

1100 C. This gave a resistance for the sensing element which was

aoout one per cent lower at 2000 C than that predicted from the

linear dependence in the range of 0 to 1000 C.

Bogdan (18] reported that the resistance of the platinum sensing

element made with Liquid Bright Platinum NO. 05-X for Pyrex heat flux
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gauges can be represented by the following equation to 1000°F:

')/ 70d F = 1.018 - 2.59 x 10-4 T (H-2)

Where: T is the ambient temperature in OF.

For heat flux gauge measurements reported in this work it was

assumed, recognizing a small error would be introduced into derived

values of heat flux to the test section wall, that the temperature

coefficient of resistivity determined in the range of 0 to 900 C could

be used over the range of 200 C to 300 0C. For most of the heat transfer

runs with Pyrex gauges, the gauge surface temperature did not exceed

200°C; and for the gauge made of alumina, the maximum surface tempera-

ture did not exceed 900 C, even at the highest heat transfer rates.

TEMAL RESPONSIVITY, r

The thermal responsivity of the gauge substrate is required for

translating temperature-time data to heat flux at the gauge surface.

In theory it should be possible to calculate the thermal responsivity

of all materials used for gauge substrates from published data on

thermal conductivity, density, and h-eat capacity.

It was found, however, that the thermal conductivity data for

Pyrex 7740 reported in the literature by different investigators

differed by as much as 20 per cent, and it was not possible to use

published data for calculating the thermal responsivity of gauge

materials. Consequently, it was necessary to determine independently

the thermal responsivities for the gauges used in this work.

The method used for determining the room temperature ,nermal

responsivities for gauges was to thrust an assembled gauge at room
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temperature into a carbon tetrachloride bath at 00 C. The temperature

change at the surface of the gauge as it was lowered into the bath was

measured with the platinum resistance sensing element by the same

methods used for obtaining temperature-time data from heat transfer

runs in the shock tube. The gauge circuitry for temperature measure-

ment is described in the following section The instantaneous,

temperature drop at the gauge surface as it entered the liquid was

used for calculating thermal responsivity of the gauge material. For

the case where two semi-infinite bodies of different uniform temper-

atures are instantaneously brought in contact with zero contact

resistance, The equation which describes the interface temperature

between the two bodies is discussed on page 88 of Reference 22, and

reduces to the following form:

ga -i I (H-3)

i I ga

Where T g T., and Ti are the initial uniform gauge temperature,
ga M

initial uniform liquid temperature, and the temperature at the interface

between the gauge and the liquid at the instant of contact, respectively.

The mean thermal responsivity of carbon tetrachloride over the temperature

range 00 C to Ti was calculated from what were believed to be the most

reliable data for k, p and.co Data for k were taken from Reference

90, and data for P and c were taken from Reference 91.

The data on thermal responsivity at room temperature for the

heat flux gauges used in this work are given in Table 19. The
tnermal responsivity for Pyrex 774o of 0-0366 + 0°0002 cal/(cm)2 (sec)1/2

(OK) is in excellent agreement with values reported by other
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investigators. Baer [6], Bogdan [18], Hartu (dan and Varwig [42],

and Skinn.er [85 reort values for the therm&O. responsivity of Pyrex

't Mom temperature of 0o0 3 74f'.O36,0 0o0361, and. 00363 cal/(cm) 2(sec)

(OK), respectively. Except for the value reported by Baer, all the

values quoted above were determined by a different experimental

method than that used in this work. The other values were determined

by observing the temperature rise at the gauge surface when a high-

voltage electrical pulse was discharged through i,he platinum-resistance

sensing element.

TETERATURE MEASURKMENT

The temperature history of the heat flux gauge surface during the

time that the surface is exposed to external heating is measured by

placing the gauge in a suitable electrical circuit so that the temper-

ature change can be recorded as an emf drop across the platinum sensing

element. The wiring diagram for measuring the temperature of the gauge

surface is shown in Figure 78. The unique ftature of the circuit

illustrated in Figure 78 is that a temperature rise can be simulated

for calibrating the vertical sensitivity of an oscilloscope by

switching a predetermined resistance out of the series circuit.

It is seen by examination of the diagram in Figure 78, that the

large current-control resistance in the circuit allows the resistance

of the sensing element to change without producing an appreciable

change in the circuit current. Consequently, for all. practical

applications the current in the circuit is constant and the change in

resistance of the platinum film sensing element can be measured

directly as a change in emf, the change in emf is linear with temperature

if the temperature dependence of the platinum-sensing element can be
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represented by Equation (H-1). To prevent heating of the gauge surface

by energy dissipation in the sensing element, the circuit current was

held below 5 milliamperes.

By an analysis of the circuit show, in Figure 78, it can be shown

that the resistance, Rl , required for simulating a temperature

rise 6T is:

R c [P°(ILT) ]iH4
R 1 + 0(T 1 +T)

Where T, is the initial, uniform gauge temperature and R is the total
I c

resistance in the circuit. It follows that when switch S2 is in

position 1, with S1 closed, that the total emf drop, 6c, across the

circuit is:

=fc i1 (R + R, + Rg) : i I (Rc) (H-5)

Where R is the gauge resistance, R1 is the simulator resistance, and

RR represents all other resistances in the circuit. With switch S2

in position 2, we have:

c = i2 (RR + Rg) = i2 (Rc - R1) (H-6)

Since the gauge resistance remains unchanged, we have:

iI = e g/R, i 2 = e 2/Rg (H-7)

Where the subscripts 1 and 2 represent the emf drop across gauge element

for the different switch, S2' positions. It follows that:

egl(Rc) eg (Rc -BR)

91 (_ - 9 c (H-8)c c
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Coparing this result with the emf changes that occur wheiL the gauge

surface temperature increases, we find since the current flow is

essentially constant that:

i = e/R g2/R (11-9)

Here the subscripts 1 and 2 represent the gauge omf and gauge resist-

ance for different temperatures.

Also:

R 91 Ro(l + PoT1), R = R 0 ( + 0 T2 ) (H-10)

Thus:

e 1 + T

eg 1 + oT2  (H-)

It follows that the resistance R needed to simulate a given temper-

ature rise, a, at the gauge surface by switching R1  from the

circuit is:

R [ (LT)]
B= c 0 H41 1 + P0 (T1 + ) H-)



APPENDIX I

ANALYSIS OF DATA FROM HEAT FLUX GAUGE MEASURMENTS

In the analysis of temperature-time data from heat flux gauge

measurements, the conventional procedures were modified to include

the temperature dependence of gauge thermophysical properties. The

methods used for obtaining heat flux values at the gauge su.rface from

T(t) data are described in this appendix.

CALCULATION OF HEAT FLUX FOR CONSTANT GAUGE PROPERTIES

The following discussion is transcribed with only minor modifi-

cation from Reference 52.

From the theory of heat transfer to a semi-infinite body initially

at uniform temperature and having thermophysical properties independent

of temperature, one obtains the following equation:

F t r t T(X)F~t) (17l2 7 j,/ d I!o (t- 1-

Integration by parts followed by the indicated differentiation gives,

provided T(O) = 0

(1)l1f F(t) dT dX (1-2)
r F (t- x) (1/

Equation (1-2) is the starting point of Nanigian [72] who developed an

- 326 -



- 327 -

equation for calculating heat flux-time relationships from data

obtained from tests on propellant igniters. The procedure is to

approximate the temperature trace by n straight-line "egments bounded

by X = O, 1, 92''" . Gn where 9 = t The slope of the ithn

segment is:

dT T -T

dL' i i-i = mi (1-3)
i i 9i-!

Equation (1-2) then becomes:

n

01 )1/2 F(t) = Z mi f 9 (t dX XiPl(t- x)I/2 -
ili-i

n
2Z X m [(t - i-1l)1/2 -(t - i) /2 -  (1-4)

i=l

Equation (I-4) is the equation developed by Nanigian [723.

Heating of the surface after the passage of a shock wave or

detonation wave at time zero is an interesting and sometimes important

special case. As T(+O) is finite, Equation (1-2) is not applicable.

Equation (I-i) is employed, assuming that T is constant at T to 91,



4
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0'1/2 df _91 d t TX

r 0 F (t- X) 1/2 + (t-F 9) 1/2

T) T+ d (t

(t)"/e'2 (t - 0)l2 1 (t

n
T 0 + 2 1 t )/2 (t- 9i)1/23 (1-5)

i=2

Since there is no commitment as to the xiagnitude of 91 it can be made

vanishingly small. The derivation can be modified to account for discon-

tinuities in the temperature-time relationship at later times in the

heating process.

Equations (1-4) and (1-5) were programmed for translating T(t)

data to an F(t) relationship on the IBM 1620 and 7040 digital computers.

It was found that Equation (1-4) was not entirely suitable for

translating temperature-time data for the case where T(t) approximated

that for constant heat flux to the gauge surface. For the constant heat

flux case, the calcraated heat flux at the end of the initial time

increment chosen was always higher than the actual value by about 10

per cent, even if the time interval taken was vanishingly small. The

F(t) values calculated by Equation (T-4) would then approach a constant

heat flux value asymptotically from a higher value as successive time

intervals were taken. Baer 17] modified the numerical procedure for

K



- 329 -

integration of T(t) data for the first few time intervals when tem-

perature-time data approximated that for the constant heat flux case.

The procedure was to calculate heat flux from T(t) data assuming

the heat flux to be constant for the first few time intervals and

then to calculate a correction term from the T(t) data to account for

the deviation from the constant heat flux problem. The equation

used to approximate the heat flux to the gauge surface for the first

few increments was:

F(t) = r(Ti)I/2 [ ) + 1  t (x)1/2 T(t) - (t)l/2 T(X) d 12 ) )/2 (t -)3/2 (i-6)

The analytical development of Equation (1-6) is described in Appendix B

of R-ference 6.

The numerical procedure for translating temperature-time data

to heat flux at the gauge surface, as modified by Baer, was used for

analyzing data in this study.

HEAT FLUX CALCULATIONS FOR TEMPERATURE-DEPENDENT GAUGE PROPERTIES

Recent experimental work by Skinner [85], Hartunian and Varwig

[42], and Bogdan [18] on the temperature dependence of P for Pyrex

heat flux gauges has shown that the variation of r with temperature

must be included in the calculation for heat flux from heat flux gauge

measurements. As a necessary part of the heat transfer study for

this thesis, a method was developed for including the temperature

dependence of P for heat flux gauges in F(t) calculations. It

was found through numerical solution of :±zc one-dimensional heat
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conduction equation with consideration of the temperature-dependent

gauge properties that measured temperature could be adjusted so that

heat flux could be calculated by methods developed for calculation

with constant gauge properties. It was found that the magnitude of

the temperature adjustment was primarily dependent on the actual heat

flux gauge surface temperature, and was omly a weak function of the

heat flux applied to the gauge surface, and was therefore essen-

tially independent of time. As a consequence, it was possible to

obtain a simple relationship for adjusting measured T(t) data.

A solution to the one-dimensional heat conduction equation

PC(T) T =6 k(T) 6T(cT) x- 1x 3x(-7

was obtained using the numerical method of Schmidt.

Where c(T) and k(T) were approximated by:

cT c° (1+ao) (1-8)

kT =k 0 (1 + bi o) (1-9)

The results of the analysis on heat flux gauges made from Pyrex

7740 and alumina are described in the following sections. Published

data on Pyroceram 9608 are not complete and it was not possible to

include temperature-dependent thermal properties in calculations for

this material. However, the thermal diffusivity data on Pyroceram

9608 reported by Plummer, et al. [75] indicate that the thermal conduc-

tivity of Pyroceram 9608 is a weak function of temperature.

.' ,. - ',,,I''' ..:, ., ,, . . ' .. . . . " z -q 
'
, .. . .N. . . ----N.r
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Thermophysical Properties of Pyrex 7740

The r(T) data for Pyrex 7740 reported by Hartunian and Varwig [42]

and by Bogdan [18] are not consistent with I(T) data derived from k(T)

and c(T) data reported in the literature. The P(T) data reported by

Bogdan show a lower temperature dependence than those reported by

Hartunian and Varwig, and are in better agreement with P(T) derived

from data on the individual thermal properties at temperatures below

100,0C.

As a means of finding the temperature dependence of thermal

conductivity, k, from the r(T) data on Pyrex 7740 reported by

Bogdan [18] that could be used in the numerical solution for Equation

(I-7), a k(T) relationship was derived from these data with the help

of published data for c(T) and density of Pyrex glass, 2.23 g/(cm)3 .

The temperature-dependent values of specific heat were calculated

using the Sharp-Ginther Equation for mean specific heat of glass (84]:

a(T) + c0
Cm =-T (I-10)m (l + 0.00146 T)

Where c0 is the true specific heat at OC and a is a constant that

is characteristic of the glass composition. The specific heat of

glass at temperature T is:

000146 a (T)2 + 2a(T) + c

cT = (l + 0.00146 T)2

The constants for Pyrex were derived from the summary of results on

Pyrex reported by Moore and Sharp [71] which were based on experimental
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data of Lucks, et al. [62] for Pyrex 774. A value of 0.1695 cal/

(g)(0C) was used for c, and a was found to have a value of

4.78 x lo cal/(g)(°C) over the temperature range of 0 to 3000C.

The thermal conductivity data derived from the r(T) data of

Dogdan [18] using the values of heat capacity calculated with

Equation (I-11) are given in Figure 79. These data are included in

Figure 80 with the thermal conductivity data for Pyrex glass reported

by other investigators.

To obtain a k(T) approximation which could be used in the

numerical solution of Equation (I-7), the temperature dependence for

thermal conductivity of Pyrex 7740 was assumed to be a linear function.,

Equation (1-9). Since it was not possible to define precisely the

temperature dependence for thermal conductivity from the data of

Figure 80, two different values for the temperature dependence of

thermal cor-ductivity for Pyrex 7740 were used in calculations. For

Case I, b in Equation (1-9) was taken to be 4.52 x 20- 4/C which

represents the temperature dependence for the k(T) data derived from

Bogdan's experimental r(T) data at low temperatures (see Figure 81).

For Case II, b was taken to be 9.29 x 104 / C which is a reasonable

approximation for the temperature dependence shown by the data of

Plummer, et al. [75], Lucks, et al. [61], and Kingery [54].
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Figure 79

Thermal Conductivity Data for Pyrex 7740

Derived from Thermal Responsivity Data

(a) (b)
Temperature PT/r70F c k

(OF) (OC) cal/(g)(0c) cal/(cm)(sec)(0c)

70 21.1 1.000 0.1788 3.247 x 10-3

100 37.8 1.023 0.1856 3.274

150 65.6 1.057 01959 3.310

200 93.2 1.086 0.2051 3.337

300 148.9 1.132 0.2208 3.369

400 204.4 1.167 0.2338 3.382

500 2600 1.191 0.2444 3.369

600 315.6 1.206 0.2534 3.332

700 371.1 1.220 0.2610 3.311

(a)Data from Figure 2, Reference 18.

P70F = 0.0737 Btu/(ft.)2 (sec)/2(oF)

= 0,0360 cal/(cm)2(sec)1/2(OK)

(b)Heat capacity calculated with Equation (I-1l).
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The heat capacity data for Pyrex 7740 used in the numerical

solution of Equation (1-7) were also approximated by a linear

relationship. The c(T) data for Pyrex 7740 are probably accurate to

within 2 per cent of their actual values, but the uncertainty in the

k(T) data did not Justify the use of a higher order equation for

c(T) data. The temperature dependence of heat capacity for Pyrex

glass is shown in Figure 82. The value for a in Equation (1-8),0

for the straight line in Figure 82, is 1.67 x 10- 3 /oC. For reasc:as

that will become apparent later, the straight line in Figure 82

intersects the c(T) curve at 260C.

Thermophysical Properties of Alumina

The data for heat capacity of alumina (Alsimag 614) used in

calculations were those reported for pure Al203 by Furukawa, et al.

(35) (see Figure 83). The c(T) data for alumina were also approxi-

mated by a straight line, Equation (1-8). The value for a0 used for

alumina was 2.25 x 10- 3/oC. Since no experimental data were avail-

able for the thermal conductivity of Alsimag 614, the k(T) data

used for this material were based on a measured value of thermal

responsivity at 280C (see Table 19) and the temperature dependence

of k for alumina derived from the data of Francl and Kingery 133].

The estimated values for the thermal conductivity of Alsiynag 614

for the temperature range 28 to 2000 C are given in Figure 83. The

value for b in Equation (1-9) used in calculations was
0

-2.59 x 10-3 /oC°

The density of Alsimag 614 at room temperature was 3.74 g/(cm)3.
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Figure 82

Temperature Dependence of Heat Capacity for Pyrex G~lass
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Figure 83

Thermal Conductivity and Heat Capacity for Alumina (Alsimag 614)

Heat Capacity(a) Thermal Conductivity(b)

Temperature c Temperature k

(0C) cal/(g)(0c) (0C) cal/(cm)(sec)(0C)

0 01715 28.0 6.22 x i0 - 2

1.8 0o.1726 50.0 5.84

6 8 0.1754 75o0 5.42

11.8 0.1782 100.0 5.04

21.8 0.1836 150.0 4.37

25.0 o.1852 175.0 4.o8

36,8 0.1911 200.0 3.81

51o8 0.1980

76.8 0.2083

106.3 0.2192

126.8 0.2254

146.8 0.2310

166.8 0.2360

(a)Data for pure Al203 from Reference 35.

(b)Values based on experimentally determined thermal responsivity for

Alsimag 614 at 280C (see Table 19), and the temperature dependence
of thermal conductivity based on experimental data for alumina
reported by Francl and Kingery [33].
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Calculations with Variable Gauge Properties

The calculated data derived from the numerical solution of

Equation (1-7) for various assigned values of constant surface heat

flux and temperature-dependent thermophysical properties for alumina

and Pyrex 7740 showed that T(t) at the gauge surface was primarily a

function of r(T) of the gauge material and was a weak function of

the applied heat flux. As a consequence it was possible to adjust

the measured gauge surface temperatures so that the methods already

described for translating T(t) data to heat flux at the gauge sur-

face for constant gauge properties could be used.

The data for the thermophysical properties of Pyrex 7740 and

alumina used in the numerical solution of Equadion (1-7) are sum-

marized in Figure 84. Calculated T(t) data at the gauge surface were

obtained for Pyrex 7740 for surface heat fluxes of 10 and 50

cal/(cm) 2 (sec), and for alumina for surface heat fluxes of 10, 50,

and 100 cal/(cm)2 (sec).

Calculated T(t) data for the surface of Pyrex 7740 using the

prcperty values for Case I (Figure 84) are tabulated in Figure 85

for assigned constant surface heat fluxes of 10 and 50 cal/(cm) 2(sec),

and are compared with data for heating with constant gauge properties,

Case III. The data of Figure 85 were plotted in the form

Tga versus (T cp- T ga). Where Tga is the actual gauge surface

temperature, °C, and T is the temperature, C, that the gaugecp

surface would have reached at time, t, by the transient heating

process if the gauge properties were independent of temperature

(constant thermophysical properties). It was found, as mentioned
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Figure 84

Data for Thermophysical Properties of Pyrex 7740

and Alumina Used for Calculations

(PC)T (a) kT (b)

-(PCOO a ko0 bo0

Material cal/(g)(OC) (OC)-I cal/(cm)(sec)(OC) (0C)-i

Pyrex 77 40 (c)

Ce." I: o403 o.00167 0.003325 o.000452

Case II: 0.403 0.00167 0.003325 0.000929

Case III: 0.403 0.0 0.003325 0.0

Alumina(d) (Alsimag 614)

Case I: 0.699 0.00225 0°0583 -0°00259

Case II: 0.699 0.0 0.0583 0.0

(a)Data for (PC) were approximated by:

(Pc)T = (PC)o (I + a° Tga)

Where: T is the temperature relative to the initial uniformga

gauge temperature, 28"C for alumina and 260 C for Pyrex

7740.

(b)Data for k were approximated by:

kT=k o ga)

(C)Thermal conductivity, k 0  at 260C, based on r(260C) of 0.0353

cal/(cm)2(sec)1/2(OK).

(d)Thermal conductivity, ko, at 280C, based on P(280C) of 0.202

cal/( cm)2 (sec)1/2(OK),
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Figure 85

Calculated Surface Temerature-Time Data for Heating of a Semi-Infinite

Body of Pyrex 7740 with Temperature-Dependent Thermophysical Properties

Heat Flux: Heat Flux:

50 cal/(cm) 2 (sec) 10 cal/(cm) 2 (sec)

T (a) T (b) T (a) T(b
Time cp ga cp ga

(msec) (0c) ( 0C) ( 0C) ( 0c)

005 36.1 35.8 7.3 7.3

1.0 50.8 49.9 10.2 10.2

2.0 71.7 69.6 14.4 14.3

3.0 87o7 84.6 17.6 17.4

4.0 101.2 97.0 20.3 20.1

5.0 113.9 107.9 22.6 22.4

10.0 159.9 149.7 32.0 31.5

15.0 195.8 180.8 39.2 38.5

20.0 226.1 206.5 45.2 44.3

25.0 252.7 228.7 50.6 49.4

3000 276.9 245.8 55.4 54.0

35.0 299.0 266.4 59.8 58.2

40.0 319.7 282.9 63.9 62.2

(a)T is the surface temperature at time, t, relative to the
cp

initial. uniform glass temperature (260C) calculated assum-
ing thermophysical properties are constant during the heat-
ing process (Case III).

(b)T is the surface temperature at time, t, relative to the
ga

initial, uniform glass temperature (260C) calculated assum-
ing thermophysical. properties are temperature-dependent
(Case I).
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earlier, that (Tcp - T ga was essentially independent of heat flux.

It was thus possible to adjust all T(t) data from heat flux gauge

measurements so that they could be used directly for obtaining heat

flux at the gauge surface by the methods developed for constant gauge

properties.

Calculated T(t) data at the surface for the two sets of

temperature-dependent the-mophysical properties for Pyrex could be

represented by the following equations:

For Case I:

Tcp = Tga + 4.59 x 10-4 (Tga) (1-12)

For Case II:

Tcp = Tga + 6.15 x 10 "4 (T ga)2 (1-13)

For alumina (Alsimag 614) the calculated T(t) data were represented

by:

Tcp = Tga - 4.1 x 10-4 (T ga)2 (1-14)

Where: T is the measured gauge surface temperature (*C) relativega

to the initial, uniform gauge temperature; 26C for Pyrex

and 28C for alumina.

T is the surface temperature ('C) relative to the initial,cp

uniform gauge temperatuLc calculated, assuming gauge properties

are constant.
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Cheng [23] ronducted experiments in a radiation furnace at

constant heat fluxes for the purpose of determining how temperature-

dependent gauge properties affected heat flux gauge measurements.

Cheng prepared a Pyrex gauge for measurements by first coating the

gauge surface, including the platinum sensing element, with silica;

and then carefully depositing a thin layer of carbon from a benzene

flame over the silica to ensure absorption of all radiant energy at

the gauge surface. T(t) data from these measurements, when adjusted

for temperature-dependent properties by Equation (I-12) and when the

non-linearity of the temperature-resistance relationship for the

platinum sensing element was included in calculations, gave a heat

flux-time relationship that was nearly constant to 2800C. The maximum

deviation of the data from the constant F(t) relationsh_ was less

than 2 per cent at 2800C, the derived F(t) relationship being in

excellent agreement with that predicted for the black body tempera-

ture in the furnace.

CALCULATION OF HEAT TRANSFER COEFFICIENTS

Heat transfer coefficients were derived from T(t) data obtained

with a heat flux gauge mounted in the test-section wall by two differ-

ent methods. The first method involved the translation of T(t) data

to an F(t) relationship from which an average heat transfer coeffi-

cient over the effective test period, t. was calculated by approxi-

mating the F(t) relationship by small straight line segments.
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n

F AT AT -i ( i  ti i) (1-15)

Where: ATi = T - (T ga ) at the end of the ith time interval.
i g

T is the temperature of the convective gas (°K), andg

Tg a is the gauge surface temperature (*K) at ti a

This method for obtaining an average heat transfer coefficient could

only be used on T(t) data for which there was not an instantaneous

temperature rise at the wall following the passage of the reflected

shock wave through the test section (see Figure 69).

The second method was to obtain the combination of instantaneous

temperature rise behind the reflected shock wave, TY and the value

for heat transfer coefficient, h. for Equation (14) or (C-7) that

represented the experimental T(t) data for the effective test

period, t. The equation used for this analysis was:

(1 - e erfc N) (1-16)

T 9- T

h(t)1/2
r

The procedure was: (1) assume a value for Tj, (2) calculate a value

for h, and (3) calculate a T(t) relationship by Equation (1-16) for

comparing with experimental data. For this analysis it was necessary

again to adjust the measured T(t) data for temperature-dependent

thermophysical properties by Equation (1-12) for Pyrex 7740 gauges,

and by Equation (I-14) for alumina gauges.
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In Equation (1-16), T is not the actual gauge temperaturecp

for heat transfer from the convective gas; however, for all T(t)

data the temperature adjustment (Tcp - Tga) was always less than

2 per cent of the total 6T, (T - T ga) for heat transfer. Where

comparisons could be made for heat transfer coefficients obtained

by the two methods, for example T(t) data obtained when the No. 1

flow-control orifice was used for controlling the flow of gas

through the test section, values for heat transfer coefficiencs were

within one or two per cent of each other. The heat transfer coeffi-

cients obtained from this analysis were correlated by the methods

already described in Appendix C.



APPENDIX J

EFFECTIVE TEST TIME IN THE SHOCK-TUBE APPARATUS

Ideally, when the driven section of the shock tube is long, the

length of time that shock-heated gas behind the reflected shock wave

is available for test purposes is dependent only on the total length

of tle shock tube and the properties of the driver gas; the test

period is terminated by the arrival of the head of the rarefaction

wave at the test position. In this work because of the large amount

of gas that was exhausted from the driven end through the test-

section flow channel during tests with large flow-control orifices,

the test period was shortened by the mixing of colder driver gas with

the test gas as the supply of the latter was depleted.

The length of time available for tests with various flow-control

orifices at the downstream end of the test-section flow channel is

shown graphically in Figure 86 as a plot of Mach number of the

incident shock wave at the entrance to the test section, ME, versus

the effective test period, t, in milliseconds. The data shown in

Figure 86 were derived from the experimental T(t) data obtained in

the heat transfer study. The effective test time is the time after

start of heating that the experimental T(t) data deviated by 5 per

cent from the curve defined by Equation (1-16) that best represents

the experimental data. The straight lines in Figure 86 then repre-

sent the minimum test period in the shock tube for the various flow-

control orifices.
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Figure 86

Effective Test Period in Shock-Tube Apparatus as Function of

Mach Number of Incident Shock Wave for Different Flow-Control

Orifices.
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TABLES OF DATA
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TA1LE 1(a)

IGNITION DATA FOR CAST PROPELIANTS F ( b ) AND G(b) AND PRESSED PROPELLANT
CB AT LOW RADIANT FLUXES. (INITIAL PROPELLANT TEMPERATURES: 28 ± 2 0 C)

Furnace Ignition (ti)1/2  Calculated Surface
Temerature Time, ti  1/2 Heat Flux, F

Propellant (0y) (sec) (msec)1  cal/(cm) (sec)

F 950 205 143,1 1.15
F 1110 6.92 83.2 2.15
F 1310 2.11 46.o 4.14
F 1508 0.76 27.6 7.22
F 1705 0.32 17o9 11.70

G 1110 9.30 96.4 2.08
G 1310 2.77 52.6 4.07
G 1508 0.97 31.2 7.14
G 1705 042 20.5 11.62

CB 1083 7.10 84.2 1.82
CB 1183 5o15 71.8 2.53
CB 1283 2.78 52.7 3.48
CB 1508 0.84 29.0 6.56
CB 1703 0.35 18.7 10.57

(a) These data were retabulated from Table VIII of Reference
82 and are shown graphically in References 8 and 82.

(b) Propellants F and G for this study were made using the
standard composition and mixing procedure, but surfaces
of test samples were coated with a thin film of carbon
black (Philblack E) to eliminate surface reflectivity
and ensure absorption of all radiant energy at the

propellant surface,
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TABLE 2

COMPOS1iTIONS OF PROPELLANT SYSTEMS

PART I: COMPOSITIONS OF CAST PROPEILANTS

Ingredients (Weight Per Cent)_ Ammonitwm
Perchlorate

Propellant PBAA Ammonium Particle
Code Binder (a) Catalyst Perchlorate Size (b)

AA 23.0 2.0 Chromic 37.5 15 micron ()
Oxide (c) 37°5 85 micron (e)

AB 23.0 2.0 Cuprous 37.5 15 micron ()
Oxide () 37°5 85 micron (e)

AC 23-0 2.0 Cuprous 37.0 15 micron (d)
Oxide (f) 37-0 85 micron (e)

1.0 Philblack E (g)

AD 23°0 2.0 Iron Oxide (h) 37.5 15 micron (d)
37.5 85 micron (e)

AE 22°3 5.5 Iron Oxide (h) 36.1 15 micron d)
36.1 85 micron (e)

F 18.0 2.0 Copper 40.0 75 micron d)
Chromite i) 40.o 200 micron (j)

F-M (k) 18.0 2.0 Copper 40.0 15 micron (1)
Chromite (i) 4o.o 200 micron 0j)

G 18.0 None 41.0 15 micron (d)
41.0 200 micron (0)

GB 18.0 2.0 Sterling VR 40.0 15 micron ()
Carbon Black (m) 40.0 200 micron (J)

(continued)
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TABLE 2 (continued)

PART I: COMPOSITIONS OF CAST PROPELLANTS
Ingredients (Weight Per Cent) Ammonium

Perchlorate
Propellant PBAA Ammonium Particle
Code Binder (a) Catalyst Perchlorate Size (b)

J 18.0 2.0 Iron Oxide (h) 40.0 15 micron (d)
40°0 200 micron ()

0 18.0 2.0 Copper 6o.o 15 micron (d)
Chromite(i) 20.0 200 micron (j)

P 23.0 2.0 Copper 37.5 15 micron (d)
Chromite (i) 37.5 200 micron (0)

S 23.0 2.0 Copper 75.0 85 micron (e)
Chromite (i)

U 23.0 2.0 Copper 75.0 15 micron (1)
Chromite (i)

X 23.0 2.0 Iron Oxide (h) 75.0 70 micron (n)

Y 23.0 2.0 Zinc Oxide (f) 37.5 15 micron (d)
37.5 85 micron (e)

Z 23.0 2.0 Zinc Oxide () 37.0 15 micron (d)
1.0 Iron Oxide (h) 37.0 85 micron (e)
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TABLE 2 (continued)

PART II: COMPOSITIONS OF PRESSED PROPELLANTS(p )

Ingredients (Weight Per Cent) Ammonium
Perchlorate

Propellant Ammonium ---Particle
Code Fuel Catalyst Perchlorate Size (b)

A None None 100.0 15 micron (d)

B (q) None 4.0 Copper 48.o 15 micron (1)
Chromite i) 48.0 200 micron (J)

CB-I (r) 16.0 Phil- 2.0 Copper 41.0 15 micron (1)
black E (g) Chromite i) 41.0 200 micron (J)

CB-2 (s) 16.0 Phil- 2.0 Copper 41.0 15 micron (1)
black E (g) Chromite i) 41.o 200 micron (j)

D 18.0 Para- 2.0 Copper 40.0 15 micron (d)
formaldehyde(t) Chromite (i) 40.0 85 micron (e)

E 4.5 Sterling 2.5 Copper 46.5 15 micron (d)
VR Carbon Chromite (i) 46.5 85 micron (e)
Black Cm)

(a) The binder-fuel for these propellants was composed of 85.0 per
cent of a liquid polybutadiene-acryaic acid copolyraer cured with
15.0 per cent Epon 828. Propellants were cured seven days at 80°C.

(b) Ammonium perchlorate of the designated particle size means that
50 weight per cent of the particles have diameters less that the
value indicated. For particle sizes greater than 35 microns,
a screen analysis was used to determine particle diameters* For
particles less than 15 microns in diameter, particle sizes were
determined microscopically by first dispersing ammonium perchlorate
in dry carbon tetrachloride with the aid of a wetting agent and then
measuring diameters of 200 to 300 particles.

(c) Chrome oxide green, Technical Grade of Cr2 03

(d) This 15-micron ammonium perchlorate was made by grinding a larger
particle size ammonium perchlorate. Particle diameters ranged
from less than one micron to greater that 25 microns. This
ammonium perchlorate was obtained from Thiokol Chemical Corporation,
Brigham City, Utah.

(e) This ammonium perchlorate was obtained from the American Potash
and Chemical Corporation, and had a Tyler screen size of -150 * 200
mesh. Particle diameters ranged from 30 to 190 microns.
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Table 2 (continued)

(f) J. T. Baker Chemical Company. Reagent Grade Chemical.

(g) A rubber-reinforcing carbon black obtained from Phillips Petroleum
Company. Philblack E has a surface area of 142 square meters
per gram°

(h) Pure red iron oxide, code R-1599, obtained from C. Ko Williams
and Company° Particle sizes ranged from less than one micron to
ten microns in diameter, with 55.0 per cent of the particles
having diameters of less than 0.25 microns0

(i) Copper Chromite Catalyst Cu-0202 P obtained from Harshaw Chemical
Company and contains approximately 82 per cent CuO and 17 per cent
Cr2030 The weight-average particle diameter of the copper chromite
is 3.7 microns [32].

(J) This ammonium perchlorate was obtained from the American Potash
and Chemical Corporation and had a Tyler screen size of -48 +100
.mesh. Particle diameters ranged from 75 to 400 microns0

(k) This propellant differed from the regular F-propellant in that
it contained 15-micron ammonium perchlorate obtained from the
American Potash and Chemical Corporation in place of 15-micron
ammounim perchlorate from Thiokol Chemical Corporation.

(1) This ammonium perchlorate was obtained from the American Potash
and Chemical Corporation and was designated as 50 per cent less
than 15 micron. Particle diameters ranged from less than one
micron to greater than 25 microns. The particle size distribution
was almost the same as that for the 15-micron material obtained
from Thiokol Chemical Corporation.

(m) Sterling VR carbon black was obtained from the Cabot Corporation and
has an average particle .size of 51 millimicrons with a surface area
of 25 square meters per gram [32].

(n) This ammonium perchlorate was obtained from the American Potash and
Chemical Corporation and had a Tyler screen size of -200+ 325 mesh.
Particle diameters ranged from 15 to 125 microns0

(p) All pressed propellants were formed under a pressure of 100,000 psig.

(q) Dry materials were thoroughly blended and then slt;htly moistened
before being pressed into pellets0

(r) The Philblack E used in this propellant was fired at l000C for
two hours in a loosely covered crucible zo remove all volatile
components. Philblack E, which is in the form of small spherical
pellets, was ground and then dry blended with other ingredients.
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Table 2 (continued)

(s) C=mposition was the same as that for Pressed Propellant CB-l, but
for this propellant special care was taken to remove all hetero-
geneities by first thoroughly blending ingredients and then passing
a dry blend of ingredients through a 270-mesh screen several times.
Dry ingredients were moistened by spraying the surface with water.
This method for preparing the ingredients gave a more uniform
pellet of greater density than those from Propellant CB-I.

(t) Paraformaldehyde (purified) powder from J. T. Baker Chemical
Company.
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Table 4 (Continued)

(a) Unless otherwise indicated, all data for thermophysical properties
were obtained by the methods described in Appendix D.

(b) All density values are for a temperature of 200 C.

(c) Data were obtained on pressed cylinders of ammonium perchlorateo

(d) These data were interpolated from JANAF Thermochen.cal Data on
ammonium perchlorate which were calculated and compiled by the
Thermal Laboratory of Dow Chemical Company, September, 1961.

(e) Density values were taken from the Handbook of Chemistry and
Physics, 43rd Edition.. Pressed samples of ammonium perchlorate
had densities which ranged from 97 to 98 per cent of this value.

(f) This value was calculated with the assumption that density and
thermal conductivity remained constant at their 20 0 C values.

(g) These values were taken from Reference [32].

(h) These values were estimated from heat capacity data given by
Lange's Handbook of Chemistry.

(i) F-propellant binder had the following ingredients: 18.0 parts of
polymer (85.0 per cent PBAA and 15.0 per cent Epon 828) and 2.0
parts of copper chromite catalyst by weight.

(j) G.-propellant binder had the same polymer composition as F-
propellant binder, but did not contain copper chromite.

(k) These values were not determined experimentally, but were
estimated from experimental data on propellants F, V, and W.

(1) Heat capacity for these propellants was estimated by summing
the values for individual ingredients.

(m) Thermal properties of GB-propellant were assumed to be the

same as those for G-propellant.

(n) This value was calculated with the assumption that the thermal
conductivity of J-propellant was the same as that for F-propellant.

(p) Thermal responsivity was calculated with a mean value of heat
capacity for ammonium perchlorate between 300 and 540 0K. The
heat capacity values at 600C were used for all other ingredients.
The thermal conductivity of the propellant at 60"C was also used
in this calculation.
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(q) Thermal properties of O-propellant were assumed to be the same
as those for F-propellant.

(r) These propellants weve made specifically to determine the effect
of ammonium perchlorate particle size and concentration of
ammonium perchlorate on thermal diffusivity. Both propellants
contained the following ingredients by weight: 70 per cent amnon-
ium perchlorate, 28 per cent PBAA binder, and 2 per cent copper
chromite. The particle size of the ammonium perchlorate was 15
micron in V-propellant and 200 micron in W-propellant.

(s) This value was estimated from experimental data on pressed
propellants A and CB.
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TABLE 10

STRAND BURNING RATE DATA FOR PROPELLITS AT 2000

Constants for
Burning Rgtq Pressure

Propellant Burning Rate, [cm/(sec)] _utiol a) Range (atm)
Code at 1.0 atm. at 10.0 atm Eat nag.a n

F - 0.793 0.3207 0.393 6.8 - 08.0

F-M(b )  0.289 1.040 0.2886 0.579 1.0 - 7.8
0.3917 0.424 7.8 - 34.0

G(b) 0.143 0°520 0.1431 0.560 1.0 - 20.4

J 0.332 0°773 0.3322 0.366 6.8 - 57.8
(b)

U 0.347 1.235 0.3465 0.552 1.0 - 20.4

(a) Burning rate dependence on pressxre is represented by:

rp aP

Where: r, is the burning rate in cm/(sec) and P is the pressure

in atm.

(b) Experimental data for these propellants are tabulated in Table
19 of Reference 11.
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Table 11 (Continued)

(a) For argon the gas temperature used was that immediately behind the
reflected shock, and was not adjusted for the post-reflection
rise. Test section gas velocity, U, and mass flow rate, G, are
also based on this value of gas temperature.

(b) Propellant sample did not ignite.

(c) Sample ignited at the time indicated, but was later extinguished
by cold driver gas entering the test section.

(d) Propellant sample did not ignite. Value for ignition time is
that for the minimum test period at specified shock tube conditions.
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Table 14 (Continued)

(a) Propellant did not ignite. Value for ignition time is that for
the minimum test period at specified shock tube conditions.

(b) No sustained burning but a strong photocell signal was observed
at the time inuicated.

(c) Ignition occurred at the time indicated, but was later extinguished
by cold driver gas entering the test section.

-- - - -
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Table 16 (Continued)

(a) Sample composed of a half-cylinder of pressed ammonium perchlorate
bonded 1,n sample holder with an epoxy-type cement (G. C. Electronics
Epox Cement No. 346). The remainder of the cylindrical volume
of the sample holder was filled with propellant binder and cured
for 7 days at 800 C.

(b) Sample did not ignite. Value for ignition time is that for the
minimum test period at specified shock tube conditions.

(c). Heat flux and surface tenrerature ca.culated using thermophysical
properties of ammonium perchlorate pellet.

(d) Heat flux and surface temperature calculated using thermophysical
properties of rubber binder.

(e) Sample prepared by cutting V-shaped notch at the diameter in the
face of ammonium perchlorate pellet and filling with propellant
binder.

(f) Sample prepared by placing three small buttons of uncured binder
at different locations on the polished face of the pellet and then
curing for 7 days at 80 0 C.

(g) Sample prepared by drilling three small holes in the face of a
mounted pellet of ammonium perchlorate and carefully filling the
holes with uncured binder and then curing for 7 days at 8o0 c.

(h) Sample prepared by painting a small circular area near center of
pellet face with thin coat of polymer.

(i) Sample prepared by painting one-half of pellet face with thin coat
of polymer.

-.
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TABLE 17

IGNITION DAA IN DIMENSIONLESS FORM FOR SIMPLE THERMAL IGNITION

OF CAST PROPELLANTS F AND G AND PRESSED PROPELLANT CB (a)

PART I: KINETIC AND THERMAL RESPONSIVITY DATA

Ea/R Pre-Exponential P
Prplat(oK) Factor, B Pm2sc /(K

Propellant cal/(cm)2 (sec) ca)./(cm)2(sec)1/2(°K)

F 15,500 4.1o45 x 1010 0.0212
10

G 15,500 0.67 x 10 0.0206

CB 15,500 5.6o x io0 0.0210

PART II: IGNITION AT LOW RADIANT HEAT FLUXES IN AIR

t.

Propellant (sec) (t)2(b) cal/(cm)2(sec) * (c)

F 2050 61.3 x fo7  115 2.58 x 10-l1

F 6.92 35.,6 2°15 4.83
2.11 19.6 4.14 9.30

F 0-76 11.8 7.22 16.20
F 0.32 7.66 21.70 "26o30

G 9.30 6.40 2.08 31.00
G 2.77 3,,48 4-07 60.70
G 0.97 2.07 7.14 106.50
G 0o.42 136 11.62 173.40

CB 7.10 45.8o 1.82 3.25
CB 5.15 39.10 2.53 4.52
CB 2,78 28°70 3.148 6.22
(IT o.84 15.80 6°56 11-70
CB 0o35 10.20 10.57 18.90
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TABLE 17 (Continued)

PART III: IGNITION AT HIGH CONVECTIVE FLUXES IN NITROGEN

Run No. Propellant M (see) (ti*) (b) l/(cm)2(sec) F(c)

43-19-1 F-30M 1.0 4.4xi0-3 8.99 X1O6  i16.4 2.62 x 10 - 9

43-19-2 F-30M 1.0 3.7 8.26 126.6 2.84
43-19-3 F-30M 1.0 10.0 13.50 79.6 1.79

49-15-3 F-32 1.0 3.8 8.35 126.4 2.84
49-15-4 F-32 1.0 2.7 7.07 154.o 3.46
4915-5 F-32 1.0 4.0 8.56 115.9 2.60

45-1-1 CB-2 0.28 8.8 16.20 9705 1o74
45-1-2 CB-2 0.28 8.4 15080 86.1 1.54
45-1-4 CB-2 0.28 8.8 16.20 86.3 1.54
45-9-6 CB-2 0.28 9.1 16.40 76.5 1.37

45-9-3 (d) CB-2 0.28 7-7 15-10 33.1 1.48
45-9-4 (d) CB-2 0.28 7.3 14.70 83.1 1.48

(a) Data for an initial, uniform propellant temperature of about 3000K.

S(b) (ti* ti (RB) 2

i - N(12)

(c) F* :/B (rpE) (13)

(d) Ignited in oxygen.
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TABLE 18

DATA FOR FLOW-CONTROL ORIFICES

Measured Orifice Flow Flow Area

Orifice Area Discharge Area,Aor Area,Aor Ratio

Number (cm) 2  Coefficient, (cm)2 I(Ao) r(AoAts)(a)
CD

None(b) 0°8065 0.964 0.777(c)  0.1205 o.964

1 (d) 0°3690 0°0572 0.458

2 0.2866 0.94o 0°2693 004174 0-334

3 0.2071 o.885 0o.1832 0.02840 0.227

4 0.1479 0o813 0,1203 o01865 0o.149

5 0o1013 0o.918 0°0930 0o0.441 0-115

(a) Flow area of orifice divided by area of test-section flow channel,

(b) Flow channel of test section controlled flow of gas from shock
tube.

(c) For reasons discussed on page 287, all calculations involving
mass flow rate, such as heat transfer to the test section wall,
for the o en test section were based on a defined flow area of
0.60 (cm) .

(d) Area could not be measured precisely because the thin, metal
walls separating the three, circulax cross-section orifices in
the plate were removed to enlarge the flow area,
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TABLE 20

GAS TEMPERATURES BEHIND REFLECTED SHOCK WAVES
IN AIR; ARGON, AND OXYGEN

Incident Shock Driven Gas Temperature Ratio (T4/T1)
Mach Number (Ml ) Air(a) Argon (b) Oxygen (c)

1.6 L.8o 2.30 1.80

1.8 2.12 2.82 2.08

2.0 2.45 3,41 2.40

2.2 2.82 4.05 2.72

2.4 3.21 4.74 3.07

2.6 3.61 5.49 3.44

2.8 4.o 6.30 3o83

3,0 4.42 7.14 4.24

3,2 4.87 8.06 4.68

3.4 5-33 9.05 5.14

3.6 5.82 10.12 5.62

3.8 6.32 11.21 6.14

4.o 6,85 - 6.66

(a) Values from Reference 6.

(b) Values from Reference 74

(c) Values from Reference 12.
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TABLE 21

SUMMARY OF INITIAL TEMPERATURE RISE DATA FOR HEAT FLUX GAUGES

PART I: WITH AIR THE TEST GAS

Po P~ AT T0 (r/r*)g(P*/P 4)
Run No. ME (atm) (atm) ) (OK)

Orifice No- 5, Pyrex Heat Flux Gauge

35-31-1 2.85 24.7 16.2 21.5 16.9
35-31-2 3.52 24.7 14,4 28.5 23.7

37-20-5 1.93 11. 8.0 6.2 6.9
37-20-6 1.94 11.1 8.2 7.0 7.7
37-20-7 2.42 10.9 7.4 a.0.5 12.2
37-20-9 2.98 10.9 6.7 15.0 18.4
37-20-10 3.34 10.6 6.0 17.0 22.8

Orifice No. 5. Alumina Heat Flux Gauge

39-22-4 3.42 233 13.4 4.6 22.6
39-22-6 2.41 24.0 7.4 1.8 12o5

Orifice No. 3-, Pyrex Heat Flux Gauge

35-31-3 3.52 24-7 14.6 20.0 16.5
35-31-4 3.21 24.5 15.9 17.0 13.5
35-31-5 2.65 24.7 16.9 12.0 9.2

37-18-3 1.91 11.1 7-9 5-0 5.6
37-18-4 2.18 11.1 7.4 6.0 7.0
37-18-5 1.90 11.1 8.0 '4.5 5.4
37-18-6 1.91 11.1 7.8 4.0 4.5
37-18-7 1.92 11o1 7.9 4.0 4.5
37-18-8 2.18 11.1 7.4 5.0 5.8
37-18-9 2.39 11.1 7.5 6.o 6.9
37-18-10 2,39 11.1 7.4 6.0 7.0
37-18-11 2.62 11.1 7.3 7.0 8.2
37-18-12 2.62 11.1 7.4 9.0 10.5
37-18-13 3.01 11.1 6.7 11.0 13.5
37-18-14 3.13 l1 6.6 11.0 13.5

37-19-4 1.91 111 7.8 4.5 5.1
37-19-5 3.30 11.1 6.4 12.0 15.0
37-19-6 3.79 11.1 5.4 14.0 19.1
37-19-7 3.88 11.1 5.1 13.0 18.2

(continued)
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TABLE 21 (Continued)

PART I: WITH AIR THE TEST GAS

PO P4 6To  6To(r /p*)(P*/P4) 2

Run No. ME (atm) (atm) (0K) (OK)

Orific N. %Proceram Heat Flux Gauge

37-26-1 1.90 i1oi 8.o 3,7 5.0
37-26-5 1.93 11.1 7°9 31 o 4°3
37-26-6 2°36 11.1 7o3 505 8.0
37-26-7 2°97 1101 7.0 8°5 12o5
37-26-8 3-36 11.1 7°0 10.0 15o0
37-26-9 3.884 11l1 5.4 11.0 18o4
37-26-10 3.82 11.1 5.14 110 18.4

18-5-1 2.57 11.1 7,3 6,o 8o6
18-5-2 3.32 11.1 6.2 9.0 14.o
18-5-3 1o95 17o9 12.4 41 4°5
18-5-5 2.67 17.9 11.6 8°7 10.0
18-5-6 2.68 17.9 12o5 9.0 10.0

18-7-1 2.70 17.9 11.6 8.7 10.0

Orifice No. 3, Alumina Heat FluxGau2e

18-7-2 1.95 11.1 8.4 0.8 5-0
18-7-3 1.89 1101 7.4 0.7 406
18-7-4 2.63 11.1 7.6 1.6 10o4

19-5-,1 2,66 11.1 7.o5 1.6 10o5
19-5-2 2062 11.1 8°0 1o6 10.2
19-5-3 2.66 10-7 7.8 l.6 10o3
19-5-4 2°71 11.1 8.2 17 10.7
19-5-5 2.91 11.1 6°5 1o7 12.0
19-5-6 3o31 11.1 6°14 2.0 14.2
19-5-7 1,96 17 °9 12.9 1o0 5,o0
19-5-8 1.°99 1.7o9 12.6 1.1 5°6

19-5-9 2.72 16.8 10o3 lo9 10o7

19-6-1 2.82 17o5 1.0.8 2.0 110
19-6-2 2°77 16.8 11.1 2.0 io.8
19-6-3 2o17 24°7 18.8 1o6 6.7
19-6-4 2,15 24°7 18o4 1o5 6°3
19l.,6-5 33°34 23,,3 15.7 3.2 14o5
19-6-6 2.25 24°7 19o7 19 7-7

19-18-2 2.37 2407 17.6 19 8.2
19-18-3 2°37 24,7 16o7 1.8 709
19-18-4 3,°42 24.7 14o7 3.3 15-5

19r-18-5 2.80 17o9 11.4 2.0 10,7

- - ~ . - ~ -~ w
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TABLE 21 (Continued)

PAPT II: WITH ARGON THE TEST GAS

p0 P4 Co AT0( r/ r*)(P*/p)
Run No. ME (atm) (atm) (°K) (Q0

Orifice No. 3, Pyrex Heat Flux Gauge

19-8-1 1.89 11.1 6.6o 0 019-,8-2 1.9o 11.1 6.8o 0 0
19-8-3 1.86 11.1 6.53 0 0

19-8-4 2.35 11.1 4.76 0 0
19-8-5 2.33 11.1 5.99 0 0

19-9-1 2.48 l.11 5.85 1.5 2.019-9-2 2.55 11.1 5.58 2.0 2.7
19-9-3 2.79 11.1 6.33 4.0 5o0

19-12-1 2.90 ll.1 6.53 5.0 6.2
19-12-2 2.86 11.1 6,94 5.0 6.0
19-12-3 2.95 11.1 7.35 6.0 7.0
19-12-4 2.90 11.1 7.21 5.0 5.9
19-22-5 3.03 11.1 8.23 7.0 7.7
19-12.-6 3.15 11.1 7.01 8.0 9.6
19-12-7 3.24 11.1 7.55 8.0 9.2
19-12.-8 1.88 17.9 10.70 0 0
19-12-9 1.86 17.9 11,00 0 0

19-13-1 2.33 17.9 9.80 0 0
19-13-2 2.,45 17.9 9.25 0 0
19-13-3 2,66 17.9 9.87 2.0 2,0
19-13-5 2.85 17,9 10,40 6.0 5,9
19-13 -6 2.87 17.9 10.50 5-0 4,9
19-13.7 3-19 19,9 12.00 9.0 8.2
19-13-8 3.20 17.9 13.60 10.0 8.6
19-13-9 3,35 17.9 13,30 10,0 9.4

Orifice No, 3_,, Poceram Heat Flux Gauge

38-6-2 1.87 10.7 6.06 0 0
38-6-3 2.69 10.9 5.58 2.0 3,3
38-6-1 3.24 11.1 7.08 6.0 8.7
38-6-5 2.12 17.9 8.85 0 0
38-6-6 2,26 21.3 10.80 0 0
38-6-7 2.83 22,6 13.6o 5.0 5,3

38-7-3 2.23 21.3 10.30 0 0
38-7-2 2.35 23-5 12.20 0 0
38-7-.3 3.35 24.2 15.70 15.0 14.7
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Table 22 (Continued)

(a) Heat Flux Gauge Surface Temperature at 10 milliseconds after
start of heating.

(b) Film temperature evaluated at the arithmetic mean of absolute
gas temperature and absolute heat flux gauge surface temperature
after 10 milliseconds of heating.

(c) Time interval over which temperature history can be represented
within 5 per cent by Equation (14) for heating of a semi-infinite
solid through constant heat transfer coefficient.

(d) For these runs a small amount of hot gas leaked by the orifice
gasket.

(e) For these runs a fine screen was placed at entrance of test
section as a turbulence promoter.

(f) The rectangular orifice used in the entrance to the test section
was a critical flow orifice with minimum dimensions of 0.254 by
1.219 cm. These were trial runs to investigate the effect of
entrance conditions on heat transfer to the test section wall.

(g) All data, except temperature-time data, for heat flux gauge were
estimated for these runs.

(h) Mass velocity, Reynolds number, and heat transfer coefficient
calculated assuming gas temperature to be that behind reflected
shock with no contribution from isentropic tempera-zure rise
behind reflected shock.

(i) For this run with an extremely high gas temperature it appears
that some shorting of the gauge occurred from ionization of
argon. (See Reference 63.)



APPENDIX L

NOMENCLATURE

Symbol Definition Units

A Flow area of flow-control orifice at
downstream end of test section (cm)2

Ats Area of test-section flow channel (cm)2

A* Area of flow-control orifice No. 1 (cm)2

used in Equations (19) and (C-9)

B Product of frequency factor, Z, and cal/(cm)2 (sec)
energy released at the propellant
surface per unit area, Qs (see p. 26)

Ci  Coefficient in Equation (27)

c Heat capacity cal/(g)(°K)

DH  Hydraulic diameter of flow channel, four cm
times the cross-sectional area divided
by the wetted perimeter of the channel

Ea  Activation energy for key ignition cal/(mole)
reaction

Ei Ignition energy defined by Equation (11) cal/(cm)2

F Heat Flux cal/(cm)2(sec)

F Surface heat flux cal/(cm)2 (sec)5

F Mean surface heat flux, defined on p. 18 cal/(cm)2 (sec), 5

Dimensionless heat flux, defined by
Equation (12)

FT  Total heat flux at the propellant cal/(cm)2 (sec)

surface

2
G Mass flow rate of test gas through g/(cm)(sec)

flow channel

h Convective heat transfer coefficient cal/(cm)2 (sec)(OK)

k Thermal conductivity cal/(cm)(sec)(°K)

- 4o4 -
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Symbol Definition Units

K Constant, defined by Equation (3) dimensionless

ME Mach number of incident shock wave at dimensionless

entrance to test section

Mts Mach number of test-gas flowing through dimensionless
test-section flow channel

N N = hit dimensionless
r

n Exponent in Equation (27)

P Pressure atm

P Initial driver-gas pressure in shock tube atm0

P1  Initial driven-gas pressure in shock tube atm

P4 Pressure immediately behind reflected atm

shock wave

P? Maximum pressure rise behind reflected atm
shock wave

P* Reference pressure (10 atm) used in atm
Equations (19) and (C-9)

Qs Energy released at the propellant surface cal/(cm) 2(sec)
by key ignition reaction

Q Heat of reaction per unit volume of cai/(cm)3

v propellant

R Gas constant: 1°987 cal/(mole)(OK)
8o314 x 10 ergs/(mole)(cK)

Re Reynolds number of fluid stream, based dimensionless
on distance from leading edge

S Slope of line that represents ignition
data plotted in the form

ln (F) versus ln (ti)1
/2

t Time sec, msec

t Ignition time sec, msec

(t i )* Dimensionless ignition time, defined
by Equation (12)

T, 7
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Symbol Definition Units

T Initial uniform temperature of solid °K

AT Initial, instantaneous temperature rise at Kthe test-section wall following the

passage of the reflected shock wave
through test section, defined by
Equations (19) and (20)

T1 Initial temperature of the gas in driven K
section of the shock tube; also
represents the initial uniform
temperature of the propellant sample
and heat flux gauge

T4  Temperature immediately behind reflected °K
shock wave

T' Maximum temperature rise behind reflected OK
shock wave

Tf Film temperature for heat transfer from 0K
hot gas T + T

f 2

T Stagnation temperature of convective gas OKg

T Total temperature at test-section wall follow- 0K
ing passage of reflected shock wave,
defined by Equation (15)

T Surface temperature OKs

Tsi Surface temperature of the propellant at *K
ignition

TL Ignition temperature for linear heating OKsi

tsi Change in temperature of the propellant OKi surface during linear heating

ATL = TL - Tsi si 0

TT Thermal ignition temperature *K
si

U Mean gas velocity through test section m/sec

x Distance into solid measured from the surface (cm)
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Symbol Definition Units

ax Thermal diffusivity (cm) 2 /sec

P Thermal responsivity, the square root of cal/(cm)2 (sec)i/2(OK)
the product of thermal conductivity,
density, and heat capacity

r w Thermal responsivity of the wall material cal/(cm)2(sec)i/2(OK)

r Thermal responsivity of the propellant casL/(cm)2 (sec)l/2(OK)

P* Reference thermal responsivity, cal/(cm)2 (sec)l/2(OK)
see Equations (19) and (21)

I Numerical constant (3.14159..,) dimensionless

p Density g/(cm)3
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